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EXECUTIVE  SUMMARY 


This  report  provides  a  summary  of  the  involvement  of  Science  Applications  International 
Corporation  (SAIC)  and  its  subcontractors,  FabTek,  Inc.  and  NumerEx,  in  the  Air  Force 
Research  Laboratory’s  (AFRL’s)  Task  Order  36  under  the  Directed  Energy  HPM,  PP,  and  PPS 
R&D  contract.  The  work  on  Task  Order  36  has  been  aimed  at  studying  Magnetized  Target 
Fusion  (MTF)  concepts  with  particular  emphasis  on  a  concept  involving  plasmas  that  are 
confined  in  a  Field  Reversed  Configuration  (FRC).  Specific  areas  of  work  for  SAIC  and  its 
subcontractors  under  this  Task  Order  have  included  both  supporting  the  continuing  experimental 
work  at  Los  Alamos  National  Laboratory’s  (LANL’s)  FRX-L  (Field  Reversed  experiment  - 
Liner)  facility,  the  objectives  of  which  have  been  to  study  the  formation  processes  of  the  FRC  as 
well  as  to  characterize  parameter  regimes  that  will  lead  to  reproducible  formation  of  FRCs  at 
MTF  relevant  plasma  temperatures  and  densities,  and  starting  a  parallel  experimental  effort  at 
AFRL’s  Building  322  on  Kirtland  Air  Force  Base,  which  will  use  this  FRC  knowledge  base 
compiled  at  the  FRX-L  facility  to  form  and  translate  an  FRC  into  a  cylindrical  flux  conserving 
shell  (solid  liner)  that  will  then  be  imploded  by  the  Shiva  Star  High  Energy  Capacitor  Bank. 
Because  the  electrodes  on  each  end  of  the  liner  must  be  open  to  allow  the  FRC  to  enter  the  liner 
before  implosion,  two  liner-on-vacuum  implosion  experiments  were  performed  to  verify  the 
uniformity  of  such  an  imploding  liner  over  the  open  electrodes.  During  the  period  of  this  Task 
Order,  SAIC  personnel,  along  with  AFRL  personnel,  have  traveled  to  two  conferences  to  report 
on  the  progress  and  findings  of  the  work  that  is  being  performed,  as  is  encouraged  by  the  sponsor 
of  this  research,  the  Department  of  Energy’s  Office  of  Fusion  Energy  Studies  (DOE  OFES). 

Sections  2  through  4,  which  follow,  describe  in  detail  SAIC’s,  FabTek’s,  and  NumerEx’s  efforts 
in  the  principal  areas  of  work  mentioned  above.  Beginning  in  the  next  section,  the  planning, 
design,  fabrication,  and  assembly  of  the  primary  hardware  components  of  the  AFRL 
experimental  setup  are  discussed.  A  general  layout  of  the  experiment  is  also  described,  as  is  the 
concept  for  interfacing  the  FRC  formation  and  translation  portion  of  the  experiment  with  the 
cylindrical  solid  liner  that  will  be  positioned  underneath  the  center  of  the  Shiva  bank.  The 
diagnostic  results  of  the  two  liner-on-vacuum  experiments  that  were  performed  are  summarized 
in  Section  3,  and  Section  4  outlines  the  areas  of  support  that  SAIC  and  FabTek  personnel  have 
been  able  to  provide  at  the  FRX-L  facility.  A  brief  mention  is  then  made  in  Section  5  of  the 
conference  presentations  and  publications  that  have  been  prepared  and  written  by  SAIC 
personnel  for  the  work  on  this  project.  Finally,  in  Section  6  a  short  summary  recapping  the 
major  milestones  of  our  efforts  under  this  Task  Order  is  given.  This  is  followed  by  a  short 
discussion  of  both  the  work  that  remains  to  be  done  at  AFRL  before  FRC  formation  and 
translation  experiments  can  begin  (without  solid  liner  implosion)  and  a  long-term  outlook 
towards  the  end  objective  of  demonstrating  this  MTF  concept  in  the  integrated  formation, 
translation,  and  liner  implosion  experiments. 
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1.0  DESIGN,  FABRICATION,  AND  ASSEMBLY  OF  THE  FRC 
FORMATION  AND  TRANSLATION  EXPERIMENT  AT  AFRL 

1.1  OVERVIEW 

One  of  the  primary  objectives  of  Task  Order  36  was  to  begin  and  advance  as  far  as  possible  the 
assembly  of  the  experimental  apparatus  at  AFRL  that  would  be  needed  to  form  and  translate  the 
FRC  plasmas  into  a  solid  liner.  Before  starting  any  of  the  assembly  work,  it  was  determined  that 
we  should  aim  for  duplicating  electrically  the  FRX-L  experiment  and  when  possible  attempt  to 
duplicate  the  general  configuration  and  the  specific  hardware  components  of  the  FRX-L 
experiment,  as  well  (i.e.,  efforts  to  redesign  or  make  other  improvements  in  the  experiment  were 
to  be  kept  to  a  minimum).  These  decisions  were  made  with  the  intent  of  setting  up  the  AFRL 
experimental  in  such  a  way  that  it  should  produce  FRC  plasmas  very  similar  to  those  obtained 
with  FRX-L.  In  practice,  due  size  constraints  around  the  Shiva  bank,  some  design  changes  had 
to  be  made,  as  will  be  discussed  below. 

Also  before  starting  any  of  the  assembly  on  the  experiment,  efforts  were  made  up  front  to 
inventory  all  of  the  hardware  that  was  available  in  either  Building  322  or  in  nearby  storage 
facilities  that  could  be  used  for  this  task.  Major  components  that  make  up  the  FRX-L  experiment 
-  and  that  the  AFRL  experimental  setup  would  also  need  -  were  written  down,  and  this  list, 
showing  the  components  grouped  according  to  the  specific  bank  or  system  in  which  they  are 
found,  is  presented  in  the  table  in  Appendix  A.  Items  that  were  found  in  the  hardware  inventory 
conducted  at  AFRL  are  noted  in  the  second  column  of  the  table,  and  items  that  would  have  to  be 
obtained  through  purchasing  or  some  other  means  are  noted  in  the  third  column.  As  can  be  seen, 
a  good  number  of  the  items  needed  for  the  experiment,  particularly  the  capacitor  banks,  were 
already  available  and  in-house. 

A  tentative  layout  in  the  Building  322  high  bay  for  the  hardware  of  the  FRC  formation  and 
translation  apparatus  (which  will  be  referred  to  in  this  report  as  FTX,  for  “Formation-Translation 
experiment”,  though  an  official  name  for  the  experiment  has  not  yet  been  chosen)  was  also 
developed  at  this  time  and  is  shown  below  in  Fig.  1.  To  reduce  interference  with  other 
experimental  setups  and  shots  on  the  Shiva  Star  High  Energy  Capacitor  Bank,  the  FTX  is 
initially  being  assembled  and  tested  in  the  northeast  comer  of  the  high  bay.  Capacitor  banks  for 
which  transmission  line  inductance  is  critical  (such  as  the  Pre-Ionization,  or  PI,  bank  and  the 
Main  bank)  have  been  kept  close  to  the  Theta  coil  and  vacuum  vessel  assembly.  These  banks 
will  then  be  moved  with  the  Theta  coil  and  vacuum  vessel  underneath  the  B-arm  of  the  Shiva 
bank  to  the  Shiva  load  region  when  making  preparations  for  the  FRC  compression-heating  (liner 
implosion)  shots.  (The  combined  FTX  and  Shiva  experimental  setup  is  being  referred  to  in  this 
report  as  F-LINCX,  for  “Formation-LINer  Compression  experiment”,  though,  again,  an  official 
name  for  the  experiment  has  not  yet  been  chosen.)  The  remaining  “slow”  banks,  such  as  the 
Bias,  Cusp,  Guide,  and  Mirror  banks,  are  being  placed  in  a  more  central  location  between  the 
Shiva  B  and  C  arms.  Power  supplies  and  trigger  units  are  being  placed  at  this  location,  as  well. 

A  detailed  circuit  diagram  showing  the  interconnections  between  each  of  the  capacitor  banks  and 
the  various  coils  around  the  vacuum  vessel  assembly  is  presented  in  Fig.  2.  Note  that  the  Main, 
PI,  and  Bias  banks  all  have  a  common  connection  to  the  Theta  coil,  and  this  connecting  point  is 
at  the  Theta  coil  cable  header.  Note  also  that  as  a  starting  point  for  the  field  coil  arrangement. 
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Figure  1.  Proposed  layout  for  the  FTX/F-LINCX  experimental  hardware  in  the  Building  322  high  bay. 
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Figure  2.  Global  circuit  diagram  for  the  FTX  capacitor  banks  an|d  their  trigger  units  and  power  supplies.  Note  that  the 
FRX-L  field  coil  configuration  and  vacuum  hardware  stand  has  been  shown  in  this  diagram  to  proride  a  starting  point  for  the 
experimental  design. 


we  have  simply  shown  the  horizontal  configuration  of  the  FRX-L  field  coils  and  vacuum 
hardware.  In  addition  to  helping  define  the  number  of  capacitor  banks  that  will  be  needed  and 
their  connections  to  the  field  coils,  this  diagram  has  also  been  useful  as  a  guide  for  showing  how 
the  connections  between  the  banks  and  their  respective  trigger  units  and  charging  supplies  should 
be  made.  Because  of  the  placement  of  diagnostics  around  the  theta  coils,  the  theta  coil  assembly 
has  been  chosen  to  be  the  single-point  ground  for  the  experiment,  as  is  the  case  with  FRX-L.  To 
prevent  ground  loops,  all  ground  connections  to  the  individual  banks  will  be  lifted  using  Ross 
relays  or  Jennings  switches  just  after  the  charging  sequence  is  completed  for  each  test  shot. 
Trigger  units  will  also  be  floated  together  with  their  respective  banks  to  attempt  to  alleviate  any 
possible  triggering  problems.  This  will  be  accomplished  through  the  use  of  Ross  relays  again  to 
lift  the  grounds  on  the  trigger  units  and  isolation  transformers  to  float  the  AC  power  connections. 

The  next  subsections  discuss  the  design  efforts  and  present  status  of  each  of  the  capacitors  banks 
indicated  in  Fig.  2.  Descriptions  of  the  Theta  coil  cable  header,  the  vacuum  vessel  with  the 
various  field  coils  arranged  around  it,  the  support  systems  (power  supplies  and  trigger  units)  for 
the  banks,  the  operations  control  system,  and  the  diagnostics  on  the  experiment  are  also  provided 
in  several  of  the  other  subsections  below. 

1.2  MAIN  BANK  AND  CROWBAR  SWITCH 

The  starting  point  for  determining  the  configuration  of  the  FTX  Main  bank  was,  of  course,  the 
FRX-L  Main  bank,  and  the  FRX-L  Main  bank  is  essentially  a  standard  Shiva  bank  module.  The 
hardware  listed  in  the  table  in  Appendix  A  as  being  necessary  to  build  up  the  Main  bank  -  in 
particular  the  capacitors  -  was  available  from  any  of  the  three  Formation  bank  modules  located 
at  the  ends  of  Shiva  A-,  C-,  and  E-Arms,  which  are  no  longer  being  used.  Some  modifications 
were  needed  to  the  basic  architecture  of  the  bank,  however,  to  allow  it  to  fit  under  the  Shiva  B- 
arm  (Fig.  1)  when  we  are  performing  FRC  compression-heating  experiments.  To  reduce  the 
overall  height  of  the  bank  it  was  noted  that  we  could  rotate  each  capacitor  by  90  degrees:  the 
capacitors  are  11”  x  14”  and  instead  of  making  the  vertical  dimension  14”,  as  is  typically  the 
case,  the  1 1”  side  could  be  made  vertical.  Hot  and  ground  bus  plates,  as  well  as  the  bank 
framework,  then  had  to  be  remade,  but  it  was  still  possible  to  use  the  quad  rail-gap  closing 
switch  from  one  of  the  Formation  bank  modules  after  a  wider  flash-guard  was  bonded  to  it. 
Figure  3  shows  an  early  Solid  Works®  rendering  of  this  “mini-module”  positioned  underneath 
the  Unistrut  framework  of  a  Shiva  bank  arm.  Sufficient  space  exists  to  give  the  top  and  bottom 
rolls  of  Mylar  approximately  6  inches  of  separation  from  the  framework  and  the  ground  plane. 

There  has  been  some  concern  about  the  possibility  of  non-uniform  current  flow  through  the 
closing  switch  since  the  terminals  of  the  capacitors  closest  to  the  closing  switch  are  being  moved 
even  closer  to  it.  The  higher  fields  in  the  proximity  of  the  capacitor  terminals  would  lead  to  this 
non-uniformity,  and  the  non-uniformity  would  manifest  itself  as  reduced  multi-channeling  in  the 
individual  rail-gap  switches.  The  reduced  multi-channeling  would  then  in  turn  result  in  higher 
erosion  of  the  rail-gap  electrodes. 

To  estimate  whether  or  not  the  closer  positioning  of  the  capacitors  was  going  to  be  a  problem, 
the  hot  bus  plates  for  the  Main  bank  design  were  modeled  in  Quick  Field.  For  simplicity,  the 
rail-gap  switches  were  considered  to  be  uniformly  conducting  sheets  in  the  model.  Figure  4 
shows  a  2D  plot  of  the  current  density  distribution  that  Quick  Field  calculated  for  this 
arrangement.  As  can  be  seen,  the  regions  nearest  the  edges  of  the  rail  gaps  seem  to  be  prone  to 
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Figure  3.  Solid  Works®  rendering  of  the  FTX  Main  bank  (“mini-module”)  design.  The 
brown  frame  shown  has  the  same  inner  dimensions  as  the  Shiva  Unistrut  framework,  so  it 
seems  that  there  will  be  sufficient  space  for  the  Main  bank  under  the  Shiva  arms. 


Figure  4.  Quick  Field  calculation  of  the  current  density  distribution  in  the  hot  bus  plates 
of  the  FTX  Main  bank.  The  potential  is  +35  kV  on  the  upper  capacitor  terminals  and  -35 
kV  on  the  lower  capacitor  terminals. 
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having  a  slightly  higher  current  flow  than  the  regions  in  the  middle  of  each  switch.  As  a  means 
of  redistributing  the  current  flow,  slots  were  then  placed  in  the  hot  bus  plates  in  the  model 
between  the  capacitor  terminals  and  the  rail-gap  switches.  The  plot  in  Fig.  5  indicates  how 
several  one-inch-wide  slots  in  the  upper  and  lower  plates  can  help  to  increase  the  uniformity  of 
the  current  distribution  through  each  of  the  rail  gaps. 


Figure  5.  A  second  Quick  Field  calculation  of  the  current  density  distribution  in  the  hot 
bus  plates  of  the  FTX  Main  bank,  however  this  time  one-inch  slots  have  been  placed  near 
several  capacitor  terminals  to  redistribute  the  current  flow.  The  potentials  on  capacitor 
terminals  are  the  same  as  in  Fig.  4. 


Once  the  appropriate  sizes  and  positions  of  the  slots  were  determined  from  the  Quick  Field 
modeling,  work  on  preparing  detailed  drawings  of  all  of  the  new  hardware  for  the  FTX  Main 
bank  began.  In  addition  to  the  hot  bus  plate  slots,  the  geometry  of  the  bus  work  on  the  back  of 
the  bank  was  also  modified  relative  to  that  of  the  Formation  bank  modules  so  that  it  would  be 
more  like  the  bus  work  on  the  FRX-L  Main  bank  and  would  therefore  readily  mate  up  to  the  new 
Crowbar  switch  hardware  (Fig.  6).  (The  lower-inductance  Crowbar  switch  design  will  be 
described  later  in  Section  4.) 


After  the  drawings  were  completed,  a  final  design  review  was  held  with  AFRL  and  SAIC 
personnel  attending  to  determine  if  any  details  in  the  design  had  been  overlooked  or  needed  to  be 
changed.  Following  the  review  and  only  a  few  minor  corrections  to  the  drawings,  all  drawings 
were  sent  out  to  local  machine  shops  for  bids  and  parts  fabrication.  Drawings  for  a  set  of 
Crowbar  switch  hardware  for  our  Main  bank  were  also  sent  out  at  the  same  time,  so  that  the 
Crowbar  could  be  fabricated  and  assembled  in  parallel  with  the  Main  bank.  By  August  of  2005 
the  parts  for  both  had  started  arriving  in  house  from  the  machine  shops,  and  assembly  was 
quickly  started. 
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Figure  6.  (a)  Front  and  (b)  back  views  of  the  final  FTX  Main  bank  design.  The  back 

view  also  shows  the  new  Crowbar  switch  in  place  on  the  bank. 


Figure  7  shows  several  photographs  of  the  Main  bank  during  the  assembly  process.  Unistrut 
pieces  were  mounted  first  to  two  welded  portions  of  the  bank  framework  (Fig.  7a),  after  which 
the  two  sets  of  “ground”  bus  plates  were  then  bolted  onto  the  two  framework  assemblies.  Next, 
the  capacitors  were  inserted  into  the  pockets  in  the  frames  and  bolted  to  the  ground  plates. 
Aluminum  spacers  with  copper  crush  rings  on  each  end  were  inserted  into  polyurethane 
“doughnuts”  (Fig.  7b),  and  these  were  then  placed  in  the  headers  of  each  of  the  capacitors.  The 
spacer  is  used  to  electrically  connect  each  capacitor  to  the  hot  bus  plates  on  the  bank,  and  the 
polyurethane  doughnut  is  squeezed  tightly  into  the  volume  around  the  aluminum  spacer  in  the 
header  to  remove  any  air  pockets  and  serve  as  a  high  voltage  insulator.  Mylar  packs  consisting 
of  12  sheets  of  5-mil  Mylar  and  one  sheet  of  brown  craft  paper,  with  holes  cut  for  each  of  the 
aluminum  spacers,  were  then  placed  over  the  ground  bus  plates  on  both  frames.  (The  brown 
craft  paper  has  been  found  to  be  effective  in  helping  to  grade  the  voltage  away  from  the  hot  bus 
plates  and  thereby  suppress  surface  flashover  on  the  Mylar.)  Once  the  Mylar  packs  were  in 
place,  the  hot  bus  plates  were  attached  to  the  vertical  faces  of  the  bank  sections  using  1-in.- 
diameter  bolts  that  ran  through  the  aluminum  spacers  and  threaded  into  the  capacitor  headers. 

At  this  point  the  two  sections  of  the  bank  were  ready  to  be  joined  together.  The  closing-switch 
assembly  was  first  bolted  onto  the  hot  bus  plate  of  the  lower  bank  half  and  supported  with 
several  wooden  beams.  Next,  the  top  half  of  the  bank  was  hoisted  by  crane  over  to  the  lower 
half  and  rested  “lightly”  on  top  of  it  (Fig.  7c).  When  the  alignment  of  the  two  halves  was 
observed  to  be  good,  the  weight  of  the  upper  half  was  taken  off  the  crane  and  allowed  to  rest 
fully  on  the  lower  half  (Fig.  7d).  The  rail-gap  switches  were  then  bolted  to  the  upper  hot  bus 
plate,  completing  the  assembly  of  the  basic  bank  structure. 

Once  the  key  parts  of  the  bank  were  assembled,  personnel  began  to  focus  on  assembling  both  the 
trigger  board  for  the  closing  switch  on  the  front  of  the  bank  and  the  hardware  for  the  Crowbar 
switch  on  the  back.  Regarding  the  closing  switch  trigger  board,  due  to  the  tight  spaces  that  the 
Main  bank  must  fit  into  under  the  Shiva  bank,  it  was  necessary  to  look  at  ways  of  reducing  its 
size.  The  end  result  (shown  in  the  photo  in  Fig.  8)  was  that  the  single  acrylic  board  typically 
placed  -12  1/2  in.  away  from  the  bank  was  changed  to  two  narrow,  parallel  acrylic  strips  above 
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(C)  (d) 


Figure  7.  (a)  The  Unistrut  framework  of  the  Main  bank  during  assembly;  (b)  aluminum 

spacer  with  copper  crush  rings  on  both  sides;  (c)  placing  the  upper  half  of  the  bank  onto 
the  lower  half;  (d)  aligning  the  two  halves  of  the  bank  with  a  4  x  4  beam  and  cargo  strap. 


Figure  8.  Photo  of  the  trigger  board  setup  on  the  Main  bank.  The  trigger  board  has 
been  reduced  to  several  smaller  segments  mounted  onto  a  fiberglass  frame  that  will  move 
with  the  Main  bank. 
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and  below  the  rail-gap  switehes,  and  both  are  now  placed  about  6  y4  in.  from  the  bank.  Both  of 
the  narrow  boards,  along  with  a  third  acrylic  plate  for  the  biasing  resistors,  are  mounted  to  a 
fiberglass  frame  that  is  in  turn  mounted  to  the  bank  so  that  it  all  can  be  moved  with  the  bank. 

Assembly  of  the  Crowbar  switch  on  the  back  of  the  Main  bank  followed  nearly  the  same 
procedure  as  for  the  FRX-L  Crowbar  switch,  as  had  been  anticipated.  Figure  9  shows  several 
photos  of  the  switch  as  it  was  being  assembled.  The  Mylar  packs  from  the  two  halves  of  the 
Main  bank  were  laid  out  uniformly  onto  the  ground  plate  below  where  the  Crowbar  switch  sits, 
where  they  were  then  cleaned  one  more  time  (Fig.  9a).  After  cleaning,  the  Mylar  was 


(c)  (d) 


Figure  9.  (a)  The  Mylar  packs  from  the  Main  bank  stretched  out  uniformly  on  the 

ground  plate  below  the  Crowbar  switch;  (b)  Crowbar  and  Main-bank  Rogowski  cods 
shown  in  place  around  the  load-side  Crowbar  supports  and  the  bottom-bus  plate, 
respectively;  (c)  The  Crowbar  rail  gaps  suspended  and  rotated  180°  so  that  the  small  Mylar 
pack  can  be  affixed  to  its  side;  (d)  the  Crowbar  switch  Mylar  is  wrapped  around  the  bank 
Mylar  packs  as  the  Crowbar  switch  is  lowered  into  place. 


9 


temporarily  taped  baek  against  the  bank  while  Rogowski  eoils  were  plaeed  through  the  slots  in 
the  load-side  support  braeket  for  the  rail  gaps  and  around  the  ground  plate  (Fig.  9b).  Next,  when 
the  Rogowski  coils  were  in  place,  the  Mylar  was  laid  back  down,  and  the  set  of  Crowbar  switch 
rail  gaps  was  lifted  with  the  crane  and  positioned  over  the  back  of  the  bank.  Before  lowering 
them  into  place,  a  second  short  pack  of  12  sheets  of  5-mil  Mylar  was  sandwiched  between  the 
bank-side  support  bracket  and  the  rail  gap  assembly  (Fig.  9c),  and  a  bead  of  silicone  RTV  was 
run  between  the  Mylar  and  the  switch  bodies  to  form  a  seal  that  will  prevent  arcing  across  the 
bottom  surfaces  of  the  switches.  (Note  that  in  this  photo  the  Crowbar  rail  gaps  have  been  rotated 
180°  so  that  personnel  can  readily  attach  the  bracket  and  run  the  bead  of  RTV.)  After  the  RTV 
dried,  the  Crowbar  rail  gaps  were  finally  lowered  slowly  into  place  on  the  back  of  the  bank,  with 
the  new  Mylar  pack  that  was  attached  to  the  switch  being  tucked  under  the  Main  bank  Mylar  as  it 
was  lowered  (Fig.  9d).  This  scheme  has  so  far  proven  effective  for  suppressing  any  breakdown 
around  the  Crowbar  switch  rail  gaps  on  FRX-L.  As  can  be  seen  in  Fig.  9c  Unistrut  supports  have 
been  attached  to  the  bank  framework  to  provide  a  means  of  supporting  the  weight  of  the  Crowbar 
switch. 

With  assembly  of  the  Crowbar  switch  completed,  trigger  and  charge  cables  were  then  run  to  the 
bank  and  Crowbar  switch,  along  with  the  various  gas  lines  required  by  the  rail-gap  switches 
(SFe/Ar),  the  peaking  gaps  on  the  Crowbar  switch  trigger  board  (compressed  air),  and  the 
Crowbar  cable  header  (SFe).  A  cable  tray  system  was  set  up  above  the  bank  to  help  with  running 
the  numerous  cables  over  to  it,  while  gas  lines  were  run  through  the  building  cable  trays  in  the 
floor.  Figure  10  shows  two  final  photos  of  the  setup  with  all  of  these  cables  and  gas  lines  in 
place. 


(a)  (b) 

Figure  10.  (a)  Front  view  of  the  Main  bank  with  fiberglass  cable  trays  above  to  bring  the 
Main  bank  and  Crowbar  switch  trigger  cables  over  from  the  trigger  units,  (b)  Back  view 
of  the  Main  bank  showing  the  Crowbar  switch  and  the  RG  17/14  transmission  line  cables  to 
run  to  the  Theta-coil-cable  header. 
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At  this  time  there  is  one  final  task  that  remains  to  be  eompleted  to  ready  the  Main  bank  and 
Crowbar  switeh  for  testing.  Due  to  the  solid  aluminum  plate  covering  the  top  of  the  Crowbar 
switch,  it  is  not  possible  to  take  open  shutter  photos  of  the  switch  during  shots  to  verify  multi¬ 
channeling.  As  a  result,  an  array  of  fiber  optic  cables,  ten  per  rail-gap  switch  for  the  FTX 
Crowbar,  has  been  set  up  instead  to  observe  the  arc  channels  in  the  switches  (Fig.  11).  As  is 
indicated  by  the  photo,  the  ends  of  these  fibers  have  been  inserted  into  feed-through  ports  in  the 
plate,  and  then  the  fibers  have  been  run  through  one  of  the  upper  cable  trays  back  to  the  Main 
bank  power  supply,  which  actually  provides  a  convenient  location  to  set  up  an  open-shutter 
camera  to  image  the  ends  of  these  fibers.  The  set  up  of  this  camera  is  expected  to  take  place 
within  the  next  couple  of  weeks. 


Figure  11.  Photo  showing  the  fiber  optic  cables  in  the  aluminum  bus  plate  over  one  of  the 
Crowbar  rail-gap  switches.  Simplex  fiber  optic  feed-throughs  in  the  plate  hold  the  fibers  in 
place  -  ten  per  switch.  Socket  head  bolts  are  used  to  plug  the  empty  holes. 

13  PRE-IONIZATION  BANK 

Given  the  general  layout  of  the  FTX  hardware  that  is  shown  in  Fig.  1,  the  RG  17/14  transmission 
line  cables  from  the  Pre-Ionization  bank  needed  to  be  somewhat  longer  than  those  on  the  FRX-L 
PI  bank.  To  then  maintain  the  same  oscillation  frequency  (-240  kHz)  during  the  FTX  PI  bank 
discharge  either  a  reduction  in  inductance  somewhere  else  in  the  circuit  or  a  smaller  bank 
capacitance  was  required  (based  upon  the  relation  CO  =  1/LC).  Initial  analyses  of  the 

overall  PI  bank  circuit  suggested  that  reducing  the  bank  capacitance  and  working  with  a  higher 
bank  charge  voltage  was  the  more  feasible  approach. 

Presently  two  100  kV,  1.35  pF  capacitors  are  being  used  on  the  FRX-L  PI  bank,  giving  a  total 
bank  capacitance  of  2.7  pF.  At  AFRL,  in  addition  to  having  many  of  the  same  100  kV,  1.35  pF 
capacitors  on  hand,  several  100  kV,  2.1  pF  capacitors  were  available  for  use,  as  well.  By  using 
only  one  of  the  2.1  pF  capacitors,  the  inductance  “limif’  for  the  PI  bank  could  be  increased  from 
1 63  nH  to  209  nH.  This  inductance  is  broken  down  among  the  various  elements  in  the  PI  bank 
circuit  in  Table  1.  The  inductance  values  for  the  2.1  pF  capacitor  and  the  rail-gap  switch 
inductance  are  those  specified  by  the  manufacturer,  while  the  inductances  for  the  bank  cable 
header,  bus  plates,  and  the  theta  coils  were  calculated  based  upon  both  geometry  and  FRX-L 
experimental  results.  The  RG  17/14  cables  have  an  inductance  of  42  nH/ft;  with  a  minimum 
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Table  1.  Inductances  of  various  elements  in  the  FTX  PI  bank  circuit.  The  target  for  the 
total  inductance  was  ~209  nH  to  keep  the  ringing  frequency  of  the  bank  close  to  that  of  the 
FRX-L  PI  bank. 


PI  Circuit  Element 

Stated/Calculated 
Inductance  (nH) 

Capacitor 

30 

Rail-Gap  Switch 

20 

Bus  Plates 

5 

Bank  Cable  Header 

10 

RG  17/14  Cables 

78 

Theta  Coil  Cable  Header 

35 

Theta  Coils 

31 

Total 

209 

estimated  length  of  22  feet  between  the  PI  bank  and  the  Theta  coil  cable  header,  12  parallel 
cables  can  be  used  to  lower  the  transmission  line  inductance  to  ~78  nH.  This  then  leaves  35  nH 
for  the  Theta  coil  cable  header.  As  will  be  discussed  shortly  in  Section  2.5  on  the  Theta  coil 
cable  header  design,  it  was  possible  to  tailor  the  design  and  PI  cable  positions  in  the  header  to 
achieve  an  inductance  very  close  to  this  (36  nH). 

Once  the  general  circuit  of  the  bank  had  been  decided  upon,  the  design  concept  sketch  shown  in 
Fig.  12  was  prepared  to  aid  with  identifying  hardware  that  needed  to  be  fabricated  and,  later, 
with  the  actual  assembly  of  the  bank.  In  keeping  with  the  goal  of  duplicating  the  FRX-L 


Figure  12.  Solid  Works®  rendering  of  the  FTX  PI  bank  that  was  prepared  to  guide 
assembly  and  identify  hardware  that  was  still  needed.  The  design  is  essentially  the  same  as 
the  original  two-capacitor  (1.35  pF  each)  FRX-L  PI  bank,  except  that  a  single  2.1  pF 
capacitor  was  used  instead,  so  FRX-L  drawings  were  used  to  fabricate  the  remaining  bank 
components. 
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(C)  (d) 

Figure  13.  (a)  The  initial  test-fit  of  hardware  following  its  fabrication;  (b)  close-up  view  of 
the  Mylar  sheets  attached  to  each  side  of  the  rail-gap  switch,  which  serve  as  a  flashguard; 
(c)  the  trigger  board  for  the  PI  rail  gap;  (d)  view  of  the  nearly-completed  bank  in  place  just 
north  of  the  Main  bank. 


experiment  as  much  as  possible,  several  key  components  used  to  construct  the  FTX  PI  bank  -  in 
particular,  the  hot  and  ground  capacitor  plates  and  the  rail-gap  switch  -  are  actually  from  the 
original  FRX-L  PI  bank.  This  hardware  was  being  kept  in  storage  at  the  FRX-L  facility  and  has 
been  readily  loaned  to  us  by  FRX-L  personnel.  Drawings  of  the  remaining  FRX-L  PI  bank 
hardware,  which  had  been  provided  by  FRX-L  personnel  some  time  earlier,  were  then  used  to 
fabricate  the  remaining  parts  needed  for  the  FTX  bank. 


The  photos  in  Fig.  13  show  the  PI  bank  during  the  early  stages  of  assembly  and  in  its  present, 
nearly-completed  state.  Once  the  newly  fabricated  hardware  had  arrived  in  house,  all  of  the  bank 
hardware,  including  the  pack  of  insulating  Mylar  sheets,  was  put  together  for  a  trial  fitting  (Fig. 
13a).  After  the  trial  fitting,  everything  was  disassembled  once  again  and  the  capacitor  header, 
with  an  aluminum  spacer  on  the  hot  terminal,  was  potted  with  Dow  Coming  3110  RTV  mbber. 
The  RTV  mbber  serves  the  same  purpose  (electrical  insulation)  as  the  blue  polyurethane 
doughnuts  in  the  headers  of  the  Main  bank  capacitors  (Fig.  7b)  but  the  potted  RTV  material  was 
used  here  because  there  were  no  pre-made  insulators  aheady  on  hand  for  these  capacitors.  This 
procedure  is  actually  the  same  as  that  followed  in  fabricating  the  FRX-L  PI  bank,  as  well. 
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Once  the  Dow  Coming  RTV  rabber  had  cured,  all  of  the  bank  hardware  was  again  carefully 
assembled,  but  before  torquing  the  upper  bus  plate  down  onto  the  capacitor  terminal,  several 
additional  Mylar  sheets  were  bonded  to  each  side  of  the  rail-gap  switch  with  a  silicone  RTV,  as 
was  done  with  the  Crowbar  rail-gap  switches,  to  prevent  tracking  around  or  under  the  switch 
body  when  the  bank  is  charged  (Fig.  13b).  Next,  the  rail  electrodes  were  removed  from  the 
switch  so  that  the  bolt  holes  could  be  slotted  to  allow  for  a  smaller  gap  spacing  in  the  switch, 
which  is  needed  for  the  relatively  low  voltages  that  the  PI  bank  will  be  charged  to.  Lastly,  a 
trigger  board  was  fabricated  for  the  few  trigger  components  needed  for  the  single  rail-gap  switch, 
and  the  22-ft  RG  17/14  transmission  line  cables  were  terminated  and  installed  in  the  bank  cable 
header  (Fig.  13c).  A  box  stracture  around  the  cable  header  is  still  required  at  this  time  so  that  the 
header  can  be  insulated  with  SFe.  Drawings  for  the  pieces  for  such  a  box  have  already  been 
prepared,  and  fabrication  is  expected  to  begin  within  the  coming  week.  Figure  13d  shows  a 
photo  of  the  PI  bank  in  its  nearly  completed  state. 

1.4  BIAS  BANK 

As  with  the  FTX  PI  bank  circuit  just  described,  the  Bias  bank  circuit  is  being  fabricated 
primarily  using  hardware  that  was  already  in  house  with  some  additional  new  parts  being 
machined  as  needed.  Using  the  FRX-L  Bias  bank  current  waveforms  and  circuit  parameters  as  a 
guide,  SAIC  personnel  have  developed  the  hardware  layout  for  the  FTX  Bias  bank  shown  in  Fig. 
14.  For  the  principle  component,  the  capacitor  bank  itself,  a  number  of  2.5  mF  capacitor  bank 
modules  from  an  earlier  experimental  setup  (the  “Slow  Bank”)  have  been  in  storage  at  AFRL  for 
some  time  and  can  be  used  here.  SAIC  personnel  have  moved  two  of  these  former  Slow  Bank 
modules  into  the  FTX  work  area  in  the  high  bay  (Fig.  15),  and  the  first  is  being  prepared  for  use 
as  the  Bias  bank. 


Front  View 


Side  View 


Figure  14.  Design  sketch  of  the  Bias  bank  layout.  Provision  is  made  for  having  up  to  two 
2.5  mF  bank  modules  in  the  circuit.  The  bank  module(s)  is  (are)  connected  to  one  or  two 
ignitrons  and  the  pair  of  inductors  through  a  current  limiting  resistor  (tan  block).  This 
resistor  serves  to  prevent  the  Coulomb  limit  of  the  ignitrons  from  being  exceeded. 
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Figure  15.  Photo  of  two  of  the  “Slow  Bank”  modules  that  have  been  set  in  place  between 
Shiva  B  and  C  Arms  for  use  in  the  FTX  experiment.  The  module  in  the  foreground  is 
intended  for  use  in  the  Bias  bank  circuit,  while  the  one  in  the  background  (and  others  still 
in  storage)  will  be  used  for  the  other  slow  banks  (Cusp,  Guide,  or  Mirror). 

Going  through  the  diagram  in  Fig.  14,  the  bank  is  eonnected  to  an  ignitron  switch  and  then  to 
two  inductors  through  a  6.8  mQ  current  limiting  resistor.  The  two  inductors  (~4.4  [xH  each) 
were  borrowed  from  the  FRX-L  facility  several  months  ago  (Fig.  16a)  and  are  identical  to  the 
ones  presently  being  used  in  the  FRX-L  Bias  circuit.  As  can  also  be  seen  from  the  Fig.  14 
drawing,  the  ignitron  switch  is  mounted  below  the  inductors  (Fig.  16b),  and  the  transmission  line 
cables  going  to  the  Theta  coil  cable  header  will  then  exit  from  the  top  of  the  inductors.  Provision 
is  also  made  in  this  layout  for  the  addition  of  a  second  bank  module  and  ignitron  if  it  is 
determined  that  a  larger  Bias  current  is  eventually  needed  for  FRC  formation  experiments. 

Presently,  most  of  the  hardware  pieces  needed  for  Bias  bank  have  already  been  fabricated  and 
are  in  house.  The  only  two  components  that  remain  to  be  fabricated  are  the  6.8  mQ  current 
limiting  resistor  and  the  base  plate  on  which  everything  will  be  mounted.  Work  on  drawings  for 
these  items  and  their  fabrication  should  be  completed  within  the  coming  month. 

1.5  THETA  COIL  CABLE  HEADER 

The  previous  three  subsections  have  discussed  the  principle  capacitor  banks  required  for  FRC 
plasma  formation.  All  three  of  these  banks  drive  the  same  field  coil,  which  is  referred  to  as  the 
“Theta  coil”  since  the  FRC  is  really  a  form  of  a  reversed-field  theta  pinch.  Deviating  at  this 
point  from  our  guidelines  of  trying  to  keep  everything  on  the  FTX  experiment  very  similar  to 
FRX-L,  a  considerable  amount  of  time  was  spent  redesigning  the  cable  header  required  to 
connect  the  transmission  line  cables  from  the  PI,  Bias,  and  Main  banks  to  the  Theta  coil.  Like 
the  FRX-L  Main  bank  with  its  Shiva-module- style  configuration,  the  cable  header  design 
currently  in  use  at  FRX-L  is  too  large  to  fit  underneath  the  Shiva  bank,  so  a  more  compact  design 
had  to  be  considered.  Figure  17  shows  an  illustration  of  such  a  design. 
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Figure  16.  (a)  Photo  of  the  two  parts  of  one  of  the  Bias  bank  inductors:  the  outer  return 
conductor  (foreground)  and  the  inner  inductor  winding  itself  (background),  (b)  The 
support  stand  for  the  inductors  is  shown  along  with  the  single  ignitron  that  will  be  used 
initially  to  switch  the  Bias  bank. 


(a)  (b) 


Figure  17.  Solid  Works®  rendering  of  the  Theta  coil  cable  header  design,  (a)  The  cable 
header  is  attached  to  the  theta  coil  via  a  short  parallel  plate  transmission  line.  The  red 
cables  in  the  header  represent  the  PI  bank  cables,  the  blue  cables  are  for  the  Bias  bank, 
and  the  green  cables  are  Main  bank  cables,  (b)  The  top  and  side  plates  have  been  hidden  to 
show  the  connection  of  the  cable  center  conductors  to  the  “hot”  side  of  the  header. 

With  this  header  design,  the  transmission  line  cables  are  connected  to  the  hot  and  ground  bus 
plates  in  a  matrix  fashion,  and  the  bus  plates  are  in  turn  connected  to  two  short  parallel  plates,  to 
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which  the  theta  coil  segments  are  bolted  at  the  other  end.  Side  plates  that  are  electrically 
connected  to  both  the  grounded  bus  plate  and  the  bottom  parallel  plate  have  been  added  to  the 
header  in  an  attempt  to  lower  its  inductanee.  (When  the  header  is  set  up  in  its  eorreet  orientation, 
which  will  align  the  bore  of  the  Theta  eoil  with  the  vertieal  axis,  these  side  plates  will  be  more 
correetly  labeled  “top”  and  “bottom”  plates.)  A  elear  Lexan  plate  has  also  been  placed  on  the  top 
of  the  header  so  that  the  volume  around  the  cables  inside  can  be  sealed  off  and  fdled  with  SFe  for 
added  electrieal  insulation.  The  transparency  of  the  Lexan  plate  will  also  allow  personnel  to 
visually  inspeet  the  eables  inside  without  any  disassembly.  All  ground-potential  plates  are  kept 
isolated  from  the  hot  bus  plate  and  the  top  parallel  plate  by  the  Mylar  sheets  that  are  shown  in 
light  yellow  in  Fig.  17a. 

The  key  parameter  of  interest  for  this  eable  header  design  is  its  induetance.  While  not  terribly 
eritieal  for  the  Main  bank  and  not  even  noticeable  to  the  Bias  bank,  the  header  induetanee  is  an 
important  parameter  for  the  Pl-bank  eireuit,  as  it  is  the  high-frequency  ringing  of  the  bank 
discharge  (-240  kHz)  that  facilitates  the  gas  breakdown  in  the  vaeuum  vessel.  As  was 
mentioned  in  the  diseussion  in  subseetion  2.3,  the  net  Theta  coil  cable  header  induetance  for  the 
PI  eireuit  had  to  be  limited  to  -35  nH.  If  the  induetance  was  higher  than  this,  either  another 
Theta  coil  cable  header  design  would  have  to  be  developed  or  the  proposed  PI  bank  eireuit  would 
have  to  be  reconsidered. 

To  calculate  the  net  inductanee  that  this  partieular  Theta  coil  cable  header  design  would  add  to 
the  PI  bank  circuit  a  method  that  is  outlined  in  Grover’s  Inductance  Calculations  (F.  W.  Grover, 
'inductance  Calculations:  Working  Formulas  and  Tables,'"  Dover  Publications  Inc.,  1973)  was 
used.  This  method  eenters  around  the  relation  shown  on  page  3 1  for  the  mutual  induetance 
between  two  eurrent  elements: 


M  =  0.002f 


loge 


•  + 


(1) 


Here  /is  the  length  of  the  current  elements  and  d  is  their  distance  apart  in  cm.  For  solid 
cylindrical  or  annular  conductors,  d  is  simply  the  distance  between  the  center  axes  of  the 
conductors.  However,  when  the  eonduetors  have  other  than  circular  cross  sections  (such  as  the 
case  for  the  return  eonduetors  in  our  cable  header),  the  geometrie  mean  distanee  between  the 
conductors  must  be  caleulated  and  used  for  d  in  Eqn.  (1).  The  geometrie  mean  distance  between 
two  rectangular  conductors,  with  cross-sectional  areas  of  A1  and  A2,  is  given  by 


1  ry2b  /•x2b  /•ylb  /-xlb 

G.M.D.  =  — f  f  f  f  In 

AjAj  Jy2a  Jx2a  Jyla  Jxla  | 


V(x-v)"  +(y-w)" 


dv  dw  dx  dy . 


(2) 


Geometrie  mean  distances  between  eonduetors  of  other  cross  sections  can  be  evaluated  by 
ehanging  the  limits  of  integration  to  reflect  the  different  area  profdes.  The  geometrie  mean 
distance  of  an  area  from  itself  ean  be  ealculated  by  letting  xla  =  x2a,  xlb  =  x2b,  and  so  on. 
When  this  caleulation  is  done  and  substituted  for  d  in  Equation  (1),  the  self- inductance  of  a 
eonductor  is  obtained.  The  total  induetanee  of  a  pair  of  conductors  may  then  be  ealeulated  using 
the  expression 
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Ljot  —  Li  +  L2  —  ’  (^) 

where  LI,  L2,  and  M  are  all  calculated  from  Equation  (1)  using  the  appropriate  geometric  mean 
distances. 


Evaluating  the  inductance  of  the  Theta-coil-cable-header  design  requires  a  few  additional  steps 
because  there  are  actually  12  PI  cables  carrying  current  to  the  Theta  coils  and  three  sections  of 
aluminum  plate  carrying  current  back.  To  calculate  the  geometric  mean  distance  of  Conductor  1 
from  an  ensemble  of  three  conductors,  of  which  Conductor  1  is  a  part,  the  expression 


GMD_lT  =  Exp 


Ai  ln(GMD  _  1 1)  +  ln(GMD  _  1 2)  +  A3  ln(GMD  _  3 1) 
Ai  +  Aj  -I- A3 


(4) 


is  used,  where  GMD  IT,  GMD  ll,  GMD_12,  and  GMD_31  are  the  geometric  mean  distances 
of  Conductor  1  from  the  ensemble,  from  itself,  from  Conductor  2,  and  from  Conductor  3, 
respectively,  and  AI,  A2,  and  A3  are  the  cross-sectional  areas  of  the  three  conductors.  Similar 
expressions  can  be  written  for  GMD_2T  and  GMD_3T.  The  geometric  mean  distance  of  the 
ensemble  from  itself  can  then  be  found  by  taking  a  logarithmic  average  of  GMD_1T,  GMD_2T, 
andGMD  3T: 


GMD_T  =  Exp 


A;  ln(GMD  _  IT)  +  ln(GMD  _  2T)  +  A3  ln(GMD  _  3T) 

Ai  +  Aj  +  A3 


(5) 


Following  this  somewhat  tedious  process,  with  the  aid  of  MathCAD  to  perform  the  calculations, 
the  self-geometric  mean  distance  of  the  ensemble  of  return-conductor  plates  from  itself  and  the 
self-geometric  mean  distance  of  the  ensemble  of  cables  from  themselves  were  found,  and  each 
was  plugged  into  Equation  1  to  find  the  self-inductances  of  the  respective  ensemble.  A  self- 
geometric  mean  distance  of  the  entire  ensemble  of  cables  and  return  conductor  plates  from  itself 
was  calculated  to  find  the  net  mutual  inductance  of  the  system. 


The  final  inductances  that  were  obtained  were  dependent  upon  the  locations  selected  for  the  PI 
cables  in  the  header,  as  might  be  expected.  When  the  cables  were  placed  closest  to  the  return 
conductor  and  somewhat  apart  from  each  other,  the  net  inductance  appeared  to  be  minimized. 

For  the  PI  cable  arrangement  shown  above  in  Figure  17,  where  the  PI  cables  are  the  red  cables,  a 
final  inductance  of  ~36  nH  was  obtained,  only  1  nH  higher  than  the  target  value.  Once  the  PI 
bank  is  finally  assembled,  other  stray  inductances  will  likely  come  into  play,  as  well,  but  if  the 
values  of  these  inductances  are  not  overly  large  the  resulting  decrease  in  frequency  should  be 
minimal.  The  final  FTX  PI  frequency  should  then  actually  end  up  being  quite  close  to  that  of  the 
FRX-L  PI  bank  (which  has  been  measured  to  be  closer  to  238  kHz). 


Once  the  inductance  of  this  header  design  was  determined  to  be  sufficiently  low  for  the  PI  bank, 
SAIC  mechanical  engineers  began  working  on  the  detailed  drawings  needed  to  fabricate  each  of 
the  header  parts.  After  the  drawings  were  completed,  a  design  review  was  held  with  AFRL  and 
SAIC  personnel  attending,  and  with  the  exception  of  noting  a  few  very  minor  changes  that 
should  be  made  first  (e.g.,  increasing  the  radii  on  some  of  the  comers),  it  was  decided  to  proceed 
with  the  fabrication  of  the  header  parts.  Fabrication  was  then  completed  by  the  beginning  of 
Febmary  2006,  and  as  soon  as  the  parts  were  shipped  to  our  facility  personnel  started  test  fitting 
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each  of  the  components  to  verify  tolerances.  Unfortunately,  a  number  of  fabrication  errors  were 
discovered  during  this  process.  While  the  errors  slowed  the  final  assembly  of  cable  header 
somewhat,  it  was  possible  to  correct  (or  have  the  fabricating  shop  correct)  each  of  the  errors 
without  too  much  difficulty.  Figure  18  shows  several  photos  of  the  cable  header  during  the  test 
fitting  (Figs.  18a  -  18b)  and  the  final  assembly  process  (Fig.  18c).  Details  of  the  completed  setup 
and  the  pulsed  power  diagnostics  put  into  place  around  the  Theta  coil  are  seen  in  the  photos  in 
Figs.  18d-  18f 

It  should  be  noted  that  the  radius  at  the  end  of  the  new  transmission  line  plate  to  which  the  Theta 
coil  segments  are  bolted  is  slightly  larger  (by  0.5  cm)  than  the  radius  of  the  Theta  coil  segments. 
Our  Theta  coil  segments  were  fabricated  several  years  ago  at  the  same  time  that  a  second  set  of 
FRX-L  Theta  coil  segments  was  fabricated,  but  since  that  time  the  FRX-L  Theta  coil  radius  has 
been  bored  out  an  additional  0.5  cm  to  provide  more  room  for  excluded  flux  loops.  In  the  near 
future  we  anticipate  making  a  similar  modification  to  our  Theta  coil  segments  or,  more  likely, 
shifting  to  a  set  of  thinner  Theta  coil  segments  having  an  overall  conical  bore  that  FRX-L 
personnel  have  started  designing  for  their  translation  setup.  (The  thinner  segments  and  the 
greater  number  of  them  allow  the  resulting  Theta  coil  to  maintain  a  length  that  is  similar  to  the 
present  coil  while  at  the  same  time  open  up  greater  diagnostic  access  to  the  formation  region 
within  their  bore.) 

1. 6  CUSP,  GUIDE,  AND  MIRROR  BANKS 

The  present  FRX-L  Cusp  coil  circuit  utilizes  a  1-mF  bank,  with  a  single  ignitron  switch,  to  drive 
six  of  the  Cusp  coil  windings  in  varying  series  and  parallel  combinations.  FRX-L  personnel  are 
exploring  the  possibility,  however,  of  operating  without  the  Cusp  coils,  as  the  Cusp  field  extends 
well  into  the  Theta  coil  region,  and  the  Bias  bank  discharge  must  overcome  it  to  establish  the 
background  Bias  field  before  FRC  formation. 

As  was  mentioned  above  in  Subsection  2.4  when  discussing  the  FTX  Bias  bank,  a  second  “Slow 
Bank”  module  has  already  been  moved  into  place  for  use  as  a  Cusp  bank  should  it  be  necessary 
to  continue  providing  a  Cusp  field  for  reliable  and  reproducible  FRC  formation.  SAIC  personnel 
will  finish  the  assembly  of  the  Bias  and  PI  banks  and  then  evaluate  whether  or  not  to  proceed 
with  setting  up  a  Cusp  bank  and  an  appropriate  number  of  transmission  line  cables  to  drive  the 
Cusp  coils.  If  it  is  decided  to  go  ahead  and  proceed  with  this  effort,  there  are  likely  enough  spare 
Cusp  coils  at  the  FRX-L  facility  that  it  should  be  possible  to  borrow  six  for  use  on  FTX,  and  the 
time  required  to  bring  the  Cusp  circuit  on  line  should  be  rather  short. 

Regarding  the  Guide  and  Mirror  fields  and  their  bank  circuits,  FRX-L  project  manager  Dr.  Tom 
Intrator  has  recently  enlisted  the  help  of  two  other  LANL  personnel,  Mr.  William  Reass  and  Mr. 
Robin  Gribble,  to  develop  designs  for  both  the  field  coils  needed  to  generate  these  fields  and  the 
pulsed  power  systems  necessary  to  drive  the  coils.  Like  the  design  work  being  done  on  the  new 
Theta  coil  segments,  this  effort  is  being  carried  out  in  preparation  for  moving  forward  with  the 
FRX-L  FRC  translation  setup.  SAIC  personnel  intend  to  be  involved  and  provide  assistance 
wherever  possible  in  this  design  effort,  since  we  will  be  attempting  to  duplicate  both  the  coils 
and  the  pulsed  power  drivers  for  the  FTX  experiment. 
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Figure  18.  Photos  of  the  ground  (a)  and  hot  (b)  sides  of  the  cable  header  during  test 
fitting,  (c)  The  cable  header  with  the  Theta  coil  attached  is  shown  next  as  it  nears 
completion,  (d)  Once  the  Main  bank  transmission  line  cables  have  been  inserted  into  the 
header,  the  clear  Lexan  cover  is  placed  on  top.  (e)  A  capacitive  voltage  divider  is  set  up 
nearby  to  measure  the  voltage  at  the  Theta  coil.  Two  Rogowski  coils  will  measure  the 
current,  (f)  Photo  of  the  finished  Theta  coil  load  and  cable  header  setup. 
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1.7  VA  CUUM  VESSEL  AND  FIELD  COIL  CONFIGURATION 


As  has  been  discussed  in  the  previous  two  sub-sections,  FRX-L  personnel  are  currently  in  the 
process  of  calculating  the  field  coil  geometries  and  liner  electrode  configuration  that  will  be 
required  for  the  FRX-L  FRC  translation  setup.  Since  the  intent  is  to  duplicate  the  FRX-L  setup, 
for  both  the  FTX  experiments  that  will  be  conducted  around  the  perimeter  of  the  Shiva  bank  and 
certainly  for  the  F-LINCX  experiments  conducted  under  the  center  of  Shiva,  SAIC  personnel  are 
attempting  to  work  very  closely  with  them  in  this  design  effort.  Aside  from  the  obvious  need  in 
our  case  to  change  the  orientation  of  the  entire  setup  from  a  horizontal  topology  to  one  that  is 
vertical,  special  consideration  must  also  be  given  to  the  arrangement  of  field  coils  around  the 
liner  region  so  that  some  radiography  access  to  the  liner  is  maintained  and  so  that  the  externally 
applied  Guide  and  Mirror  fields  do  not  adversely  affect  the  magnetic  insulation  in  the  current 
feeds  to  the  liner. 

Figure  19  shows  a  drawing  of  the  most  recent  arrangement  of  the  field  coils  and  liner  electrode 
configuration  that  is  being  considered.  SAIC  personnel  are  using  this  as  a  guide  to  go  ahead  and 
begin  design  work  on  a  support  stand  for  not  only  the  field  coils  but  also  the  vacuum  hardware 
such  as  the  quartz  tube  and  any  stainless  steel  vacuum  sections  having  diagnostic  and  vacuum 
pump  ports.  The  stand  will  be  required  to  have  wheels  because  initially  the  entire  vacuum  and 
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Figure  19.  Most  recent  conceptual  layout  of  the  field  coils,  vacuum  vessel,  and  solid  liner 
to  enable  translation  of  the  FRC  from  the  Theta  coil  to  the  solid  liner. 
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field  coil  assembly,  complete  with  a  “fake”  liner  and  return  conductor,  will  be  set  up  just  to  the 
east  of  the  Shiva  bank  for  the  initial  formation  and  translation  (FTX)  tests,  but  at  the  appropriate 
time  it  must  then  be  moved  down  the  Shiva  bank  B-Arm  to  the  Shiva  center  section  when  the 
compression-heating  experiments  (F-LINCX)  are  to  be  performed.  With  work  on  the  Main,  PI, 
and  Bias  banks  either  completed  or  well  underway,  the  vacuum  vessel  is  the  last  major  item  to  be 
designed,  fabricated,  and  assembled  before  beginning  FRC  plasma  formation  experiments. 

1.8  TRIGGER  GENERATORS,  POWER  SUPPLIES,  HV CABLES,  AND  OTHER 
SUPPORT  HARDWARE 

Work  on  setting  up  the  various  sub-systems  for  the  FTX  experiment,  as  laid  out  in  the  floor  plan 
shown  in  Fig.  1,  began  very  early  in  this  Task  Order  even  before  work  on  any  of  the  banks 
began.  Such  sub- systems  included  the  Main  bank  trigger  unit  and  the  Main  bank  power  supply 
(Fig.  20a),  both  of  which  were  previously  used  with  the  Formation  bank  and  were  known  to  be  in 


Figure  20.  Photos  of  the  ancillary  components  being  set  up  between  Shiva  B-  and  C-Arms 
for  the  FTX  (and  F-LINCX)  experiments:  (a)  the  trigger  (foreground)  and  power  supply 
(background)  units  for  the  Main  bank,  and  (b)  the  PI  bank  and  Crowbar  switch  trigger 
units,  (c)  Lexan  covers  have  been  placed  around  the  isolation  transformers  powering  each 
trigger  system  to  protect  personnel  from  exposed  terminals  on  the  transformers. 
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good  working  order.  Likewise,  trigger  systems  for  the  PI  bank  and  the  Crowbar  switch  were  also 
moved  into  place  (Fig.  20b).  Many  of  the  components  for  these  two  systems,  however,  had  been 
in  storage,  and  it  was  not  until  recently  that  they  were  powered  up  and  that  high-voltage  checks 
were  performed  to  verify  their  status.  The  Crowbar  trigger  system  has  been  found  to  be  in  good 
working  order,  however  minor  repairs  are  needed  on  the  components  set  up  for  the  PI  trigger 
system;  these  repairs  will  be  made  in  the  near  future.  Remote  trigger  tests  from  the  Shiva  control 
room  can  be  performed  on  the  Main  and  Crowbar  trigger  systems  as  soon  as  fiber  optic  receivers 
are  set  up  by  each  of  the  trigger  systems  and  fiber  optic  cables  are  run  to  them. 

Isolation  transformers  have  been  set  up  to  power  each  of  the  rail  gap  trigger  systems,  since,  as  is 
indicated  in  Fig.  2  back  in  Sub-section  2.1,  each  of  these  trigger  systems  will  be  floated  with 
their  respective  banks  during  a  shot.  The  transformers  have  been  placed  underneath  stands 
supporting  other  components  of  the  trigger  systems,  and  Lexan  covers  have  been  placed  around 
the  sides  of  the  stands  (Fig.  20c),  since  the  terminals  on  the  transformers  are  often  exposed. 

For  all  of  the  slow  banks  (i.e..  Bias,  Cusp,  Guide,  and  Mirror)  ignitrons  will  be  used  for 
switching.  There  were  no  trigger  units  for  ignitrons  found  in  our  inventory,  so  the  necessary 
components  to  construct  five  such  units  (including  one  spare)  have  been  purchased.  Assembly 
of  these  trigger  units  will  get  under  way  as  the  work  on  the  Bias  bank  approaches  completion. 

As  was  just  mentioned,  the  Formation  bank  power  supply  has  been  moved  to  the  area  between 
Shiva  B-  and  C-Arms  and  will  be  used  to  charge  the  Main  bank  during  experiments.  To  charge 
the  Cusp,  Guide,  and  Mirror  banks,  a  12  kV,  5  A  Peter-Dahl  power  supply  that  has  been 
provided  to  us  by  FRX-L  personnel  will  be  used.  Charge  switches  on  each  of  the  banks  will 
open  when  the  respective  charge  voltage  on  each  bank  has  been  reached.  Either  a  50  kV,  8  kJ/s 
or  a  40  kV,  2  kJ/s  Maxwell  CCDS  power  supply,  both  from  our  facility,  will  be  used  to  charge 
the  Bias  bank,  and  a  50  kV,  80  mA  Spellman  power  supply,  also  on  loan  from  the  FRX-L 
facility,  will  be  used  to  charge  the  PI  bank.  These  additional  power  supplies  are  in  the  process  of 
being  set  up  close  to  the  Formation  (Main)  bank  power  supply. 

To  connect  the  power  supplies  to  their  respective  banks  and  to  then  safely  discharge  these  banks 
into  dump  resistors  after  a  shot,  FRX-L  personnel  have  provided  us  with  numerous  Jennings 
switches.  Figure  21a  shows  a  photo  of  three  of  the  Jennings  switches  recently  set  up  to  lift  the 
Main  bank  charging  connections,  one  each  for  the  positive  and  negative  charge  lines  to  the  bank 
and  one  for  the  charging  return  or  ground.  All  bank  charging  connections  will  be  set  up  in  this 
manner  to  disconnect  both  the  high  voltage  and  charge  returns  (power  supply  grounds),  as  is 
indicated  in  Fig.  2.  In  addition,  as  Fig.  2  also  points  out,  Ross  relays  are  being  used  to  lift  the 
ground  connections  on  the  bank  frames  and  on  each  of  the  triggering  systems  before  each  shot. 
The  photo  in  Fig.  21b  shows  this  setup  for  the  PI  bank.  When  all  bank  grounds  are  lifted,  this 
will  leave  a  single  ground  point  at  the  Theta  coil,  and  there  should  therefore  be  no  ground  loops 
created  when  the  banks  are  fired.  The  Theta  coil  was  chosen  for  the  single-point  ground  location 
for  the  benefit  of  the  diagnostics  that  will  be  placed  around  the  coil. 

Charging  and  dump  resistors  for  the  Main  bank  are  already  in  place  and  are  located  on  the  trigger 
board  support  frame  and  within  the  Main  bank  power  supply,  respectively.  For  the  remaining 
banks  a  charge  and  dump  resistor  setup  similar  to  that  in  use  on  FRX-L  and  shown  in  Fig.  22  will 
be  employed.  As  can  be  seen  from  the  photo,  the  Jennings  switches  for  these  banks  are  mounted 
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(a)  (b) 


Figure  21.  (a)  Three  Jennings  switches  have  been  mounted  on  a  wooden  platform  above 
the  Main  bank  dump  tank  to  lift  the  charging  supply  connections  (positive  and  negative 
high  voltage  and  ground)  to  the  Main  bank,  (b)  A  Ross  relay  is  being  used  on  the  PI  bank 
(and  on  the  other  banks  and  trigger  units)  to  lift  the  frame  ground  before  a  shot. 


Figure  22.  Photo  of  one  of  the  charge  and  dump  resistor  stands,  with  the  Jennings  charge 
and  dump  switches  mounted  to  it  (upper  right),  on  the  FRX-L  experiment.  Bank  voltage 
monitors  are  also  mounted  on  these  stands. 

directly  onto  the  resistor  stands,  and  the  resistors  themselves  are  simply  acrylic  tubes  filled  with 
a  copper  sulfate  solution  to  give  a  resistance  of  a  few  kilo-Ohms.  Drawings  for  the  hardware 
needed  to  build  these  resistor  stands  are  being  prepared  now. 

Charge  and  trigger  cables  for  the  banks  and  their  switches  are  being  laid  out  as  the  assembly  of 
the  respective  bank  or  switch  reaches  completion.  To  handle  the  growing  number  of  cables  that 
are  being  run  from  the  power  supplies  and  trigger  units  over  to  the  Main  and  PI  banks,  and  also 
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to  maintain  separation  between  the  sets  cables  belonging  to  the  various  banks  and  triggering 
systems,  a  fiberglass  cable  tray  system  having  three  separate  raceways  leading  to  the  PI  bank,  the 
Main  bank,  and  the  Crowbar  switch  was  erected  (Fig.  23).  The  new  cable  tray  arrangement  is 
also  supported  independently  of  the  Main  bank,  thereby  allowing  the  Main  bank  to  be 
disassembled  or  moved  without  disturbing  the  cable  trays  and  the  cables  in  them. 


Figure  23  A  view  looking  down  on  the  triggering  systems  and  Main  bank  power  supply 
between  the  B  and  C  arms  of  the  Shiva  bank.  The  arrangement  of  the  new  three-raceway 
cable  tray  setup  can  be  clearly  seen  in  the  upper  portion  of  the  photo. 

Gas  control  panels  for  all  of  the  trigger  units  and  for  each  set  of  rail-gap  switches  have  been  set 
up  in  close  proximity  to  the  test  area  in  an  equipment  rack  located  underneath  Shiva  C-Arm.  Gas 
lines  were  run  to  each  of  the  trigger  units  first,  as  these  units  were  set  up.  Later,  as  the  Main 
bank.  Crowbar  switch,  and  PI  bank  were  assembled,  the  gas  lines  were  run  to  the  rail-gap 
switches  and  to  the  peaking  gaps  on  the  Crowbar  switch  trigger  board.  An  SFe  line  has  also  been 
run  to  the  Main  and  PI  bank  cable  headers  and  to  the  Theta  coil  cable  header,  so  that  their 
volumes  can  be  filled  with  SFe  for  added  voltage  hold-off,  as  has  already  been  discussed. 

1.9  CONTROL  SYSTEM 

Mr.  Phil  Sanchez  and  Mr.  Robert  Aragonez,  who  were  formerly  with  subcontractor  FabTek,  Inc. 
but  have  recently  become  employees  of  LANL,  have  begun  working  with  SAIC  personnel  on  the 
design  and  assembly  of  the  FTX  control  system.  Mr.  Sanchez  and  Mr.  Aragonez  also  worked 
with  SAIC  personnel  under  the  previous  MTF  Task  Order  (Task  Order  3)  to  set  up  and  test  the 
FRX-L  control  system,  with  Mr.  Sanchez  and  his  coworker  overseeing  the  hardware  portion  of 
the  control  system  and  SAIC  personnel  writing  and  testing  the  LabVIEW®-based  software. 

Because  the  two  experiments  are  so  similar,  the  FTX  control  system  can  be  nearly  identical  to 
the  FRX-L  control  system,  not  only  in  architecture  but  also  with  respect  to  individual 
components  and  software,  as  well.  One  change  that  is  likely  to  be  made,  however,  is  that  a 
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Compact  Field  Point  controller  rather  than  a  PXI-based  controller  is  likely  to  be  used  for  the  core 
eomponent  of  the  system.  This  change  is  based  upon  Mr.  Sanehez’s  reeommendation,  since  the 
Compact  Field  Point  components  are  less  expensive  and  more  ruggedized  (i.e.,  less  suseeptible 
to  being  affeeted  by  EMI)  than  the  PXI. 

Based  upon  the  number  of  input  and  output  ehannels  established  for  the  FRX-L  control  system 
and  the  assignments  of  eaeh  of  these  ehannels,  SAIC  personnel  have  prepared  a  similar  list  of 
required  channels  for  the  FTX  experiment.  This  list  is  presented  in  Appendix  B  for  reference. 
Mr.  Sanchez  and  Mr.  Aragonez  have  taken  this  list  and  used  it  to  identify  and  order  an 
appropriate  number  of  digital  and  analog  modules  needed  for  the  Compact  Field  Point  eontroller 
and  the  appropriate  number  and  type  of  control  transducers  (air-aetuated  switehes,  fiber  optic 
transmitters  and  receivers,  etc.)  needed  to  interface  between  the  eontroller  and  the  experimental 
setup.  As  soon  as  this  hardware  begins  arriving,  they  will  begin  laying  out  the  eentralized 
portion  of  it  in  a  Hoffman  box  and  start  wiring  the  eomponents  together.  We  anticipate  being 
ready  to  start  testing  the  eontrol  system  by  the  end  of  the  summer. 

1.10  DIAGNOSTICS 

As  with  the  control  system,  because  both  FRX-L  and  FTX  are  so  similar,  the  array  of 
diagnostics,  and  especially  the  array  of  pulsed  power  diagnostics,  is  expected  to  be  very  similar 
between  the  two  experiments.  SAIC  personnel  have  identified  the  various  voltage  and  current 
monitors  needed  at  eaeh  of  the  pulsed  power  banks  in  FTX,  and  these  are  listed  in  Table  1  in 
Appendix  C.  The  diagnostics  that  will  be  needed  up  front  to  begin  tests  with  the  Main  bank  and 
Crowbar  switch  are  indieated  in  red.  These  particular  diagnostics,  with  the  exception  of  the 
Faraday  rotation  setup  at  the  Theta  coil,  have  in  faet  already  been  fabrieated,  calibrated,  and 
installed  at  their  appropriate  locations.  Two  diagnostic  cable  pateh  panels  to  eonnect  to  eaeh  of 
these  diagnosties  are  currently  being  set  up  by  the  east  wall  of  the  high  bay  (18  ehannels)  and 
among  the  trigger  units  (6  ehannels)  between  Shiva  B-  and  C-Arms.  The  cable  bundles  from 
these  patch  panels  are  being  run  baek  to  the  Shiva  eenter  section  where  they  will  tie  in  with 
several  patch  panels  there  to  send  data  all  the  way  back  to  the  Shiva  sereen  room.  Additional 
cables,  or  possibly  analog  optical  fiber  links,  will  likely  be  run  when  FRC  plasma  formation 
experiments  begin,  as  numerous  plasma  and  magnetic  field  diagnosties  will  also  be  fielded 
around  the  Theta  coil  at  that  time. 

A  fiber  optie  patch  panel,  similar  to  the  data  eable  arrangement,  is  also  in  the  proeess  of  being  set 
up  among  the  FTX  trigger  units  to  bring  trigger  signals  from  the  Shiva  sereen  room  to  the 
experiment.  A  listing  of  all  antieipated  triggers  for  the  pulsed  power  banks,  with  those  needed 
for  the  imminent  tests  with  the  Main  bank  and  Crowbar  switch  indicated  in  red,  is  provided  in 
Table  2  in  Appendix  C.  Table  2  also  notes  some  additional  triggers  that  may  possibly  be  needed 
for  some  of  the  plasma  diagnosties.  The  fiber  optic  patch  panel  and  the  fiber  bundle  that  is  being 
run  will  be  able  to  aeeommodate  up  to  24  triggers,  whieh  should  be  more  than  adequate  for  the 
experiment. 
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2.0  DEFORMABLE  CONTACT  SOLID  LINER  TESTS 


The  previous  seetion  of  this  report  has  foeused  on  the  status  and  progress  of  the  experimental 
setup  (FTX)  that  will  form  and  translate  an  FRC  plasma  into  a  solid  liner  that  will  in  turn  be 
imploded  by  the  Shiva  Star  High  Energy  Capacitor  Bank.  The  dimensions  of  liners  of  interest  to 
be  used  for  imploding  FRCs  are  approximately  a  30  cm  length  and  a  10  cm  diameter.  Liners  of 
similar  dimensions  have  been  imploded  in  previous  tests  on  Shiva  Star,  but  such  tests  have 
allowed  the  use  of  solid  electrodes  that  the  liner  would  glide  across  as  it  imploded.  To  allow  the 
FRC  to  enter  the  liner  before  implosion,  however,  the  liner  electrode  facing  the  FRC  formation 
region  must  be  open,  and  to  facilitate  diagnostic  access  (for  fast  photography  or  spectroscopy) 
into  the  liner  during  the  implosion  the  other  end  should  have  an  opening,  as  well. 

As  was  noted  back  in  Section  1,  there  were  some  uncertainties  regarding  how  uniformly  a  liner 
would  implode  once  it  moved  radially  inward  over  an  opening  in  the  electrode.  Furthermore, 
since  electrical  contact  obviously  has  to  be  maintained,  the  ends  of  the  liner  must  stretch  from 
the  electrode  into  the  opening  as  the  bulk  of  the  liner  proceeds  on  its  radially  inward  path.  As  a 
result,  there  was  additional  concern  that  regions  at  one  or  both  ends  of  the  liner  might  tear  away 
from  the  electrodes  during  implosion  and  therefore  not  compress  the  FRC  uniformly  or  to  the 
extent  that  is  required  for  fusion.  An  alternative  liner  implosion  concept,  a  “0-driven”  concept 
(versus  the  “z-driven”  concept  that  has  traditionally  been  used),  exists  that  would  eliminate  the 
potential  for  these  problems,  but  it  is  not  as  efficient  and  would  require  a  radically  different 
configuration  for  the  FRC  formation  and  translation  structure. 

Because  of  the  uncertainties  associated  with  the  implosion  of  a  deformable-contact  liner,  it  was 
deemed  rather  important  to  perform  two  liner-on-vacuum  implosion  experiments  very  early  on  in 
the  work  on  this  Task  Order,  before  the  configuration  of  the  FRC  formation  and  translation 
structure  had  become  well  defined.  Both  tests  were  very  successful  in  that  no  tearing  was 
observed  and  that  the  implosions  appeared  to  be  very  uniform  both  axially  and  azimuthally.  The 
next  two  sub-sections  provide  a  summary  of  the  results  from  these  two  tests. 

2.1  DECEMBER  2003  TEST 

The  first  deformable-contact  liner  implosion  test  was  performed  December  9,  2003.  A  drawing 
of  the  liner  and  electrode  assembly  for  this  test  shot  is  shown  in  Fig.  24.  Though  the  resolution 
of  the  drawing  is  not  sufficient  to  clearly  illustrate  this,  the  liner  has  a  greater  thickness  at  its 
ends  where  it  makes  contact  with  the  electrodes.  This  is  the  mechanism  that  allows  the  ends  of 
the  liner  to  deform  and  maintain  electrical  contact  with  the  electrodes  while  the  bulk  of  the  liner 
continues  to  move  radially  inward.  That  is,  as  compression  begins,  the  thicker  portions  move 
inward  more  slowly  than  the  thinner  regions,  and  this  has  the  effect  of  causing  the  liner  contacts 
at  each  end  to  stretch.  Using  2D  MHD  simulations  of  the  liner.  Prof  Norm  Roderick  at  the 
University  of  New  Mexico  was  able  to  help  select  the  necessary  thickness  and  taper  of  the 
thickness  along  the  length  of  the  liner. 

For  this  first  implosion  test,  four  radiography  sources,  driven  by  two  300-kV  Marx  banks,  were 
set  up  for  viewing  the  axial  uniformity  of  the  implosion  and,  hence,  served  as  the  key  diagnostic 
for  the  test.  Two  of  the  sources  were  focused  at  the  mid-section  of  the  liner  and  two  at  the  lower 
liner/electrode  region,  and  each  mid-section  source  was  paired  with  the  lower-electrode  source 
below  it  so  that  a  view  covering  approximately  two  thirds  of  the  liner  was  obtained  at  each  of  the 
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times  when  the  radiography  Marx  banks  were  triggered.  Appropriate  timing  for  triggering  the 
radiography  pulsers  was  determined  with  the  aid  of  calculations  made  with  a  circuit  solver  finite 
thickness  liner  implosion  code.  This  code  was  written  and  run  by  Dr.  James  Degnan  of 


AFRL/DEHP. 


Figure  24.  Cross-sectional  diagram  of  the  Shiva  load  region  for  the  tall  (30  cm), 
deformable-contact  liner  shot.  The  region  both  in  and  around  the  liner  will  be  under 
vacuum,  as  will  be  the  case  when  an  FRC  is  to  be  compressed  within  the  liner. 

In  addition  to  radiography,  two  micro-channel  plate  cameras  were  set  up  as  an  on-axis,  fast 
photography  diagnostic  for  observing  the  azimuthal  uniformity  of  the  implosion.  Other 
diagnostics  included  six  arm  and  four  center-section  Rogowski  coils  for  current  measurement  on 
the  Shiva  bank,  three  V-dot  probes  for  voltage  measurement  near  the  liner,  the  Faraday  rotation 
diagnostic  to  provide  a  third  liner  current  measurement,  several  B-dot  probes  to  monitor  liner 
current  azimuthal  uniformity,  a  PIN  diode  array  with  varying  filters  for  X-ray  photon 
measurement,  and  several  scintillator  photomultipliers,  also  for  X-ray  measurement. 

Figure  25  shows  two  radiographic  images  of  the  liner  before  the  shot.  The  image  of  the  lower 
liner/electrode  region  in  Fig.  25b  provides  a  clearer  view  of  the  degree  of  taper  in  wall  thickness. 
Figures  26  and  27  show  radiographic  images  of  the  same  regions  in  Fig.  25  taken  during  the  shot 
at  20  ps  and  22  ps  after  the  start  of  current  conduction,  respectively.  (It  should  be  noted  that  the 
scales  in  Figs.  26  and  27  are  not  the  same  as  in  Fig.  25.)  In  Fig.  26  the  images  indicate  that  the 
middle  of  the  liner  compressed  nearly  uniformly,  and  there  was  no  indication  of  any  tearing  or 
other  abnormalities  near  the  electrodes  as  the  liner  stretched  inward.  The  images  in  Fig.  27  also 
show  no  signs  of  tearing  near  the  electrodes,  though  a  slight  pinch  seems  to  have  formed  at  the 
base  of  the  central  region  (Fig.  27a).  The  early  stages  of  it  can  perhaps  be  seen  in  Fig.  26a. 
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Figure  25.  Radiographic  images  of  the  middle  (a)  and  bottom  (b)  portions  of  the  MTF 
deformable-contact  liner  (DCL).  The  taper  near  the  electrode  surface  (from  (p  =  11  cm  to  (p 
=  10.2  cm)  is  very  obvious  for  the  first  1  cm,  but  another  more  gradual  taper  continues 
from  there  for  another  5  cm  (reducing  to  (p  =  10.0  cm). 


(a)  (b) 


Figure  26.  Radiographic  images  of  the  middle  (a)  and  bottom  (b)  portions  of  the  MTF 
DCL  20  ps  after  current  conduction  began.  The  images  show  a  nearly  uniform  radial 
compression  in  the  central  region  of  the  liner  with  no  indication  of  tearing  near  the 
electrodes. 

Due  to  the  field  of  view  of  the  images  recorded,  it  was  not  known  if  a  similar  pinch  formed  on 
the  upper  end  of  the  central  region.  For  the  second  implosion  test  shot,  which  will  be  discussed 
shortly,  steps  were  taken  to  increase  the  field  of  view  and  obtain  images  of  nearly  the  full  axial 
length  of  the  liner  during  the  implosion.  In  any  case,  the  pinch  should  likely  not  have  an  adverse 
effect  on  the  FRC  compression  and  may  even  aid  in  keeping  it  trapped  in  the  liner. 

Axial  fast  photography  of  the  liner  during  the  shot  also  revealed  the  implosion  to  be  uniform 
azimuthally.  A  xenon  flash  lamp  was  placed  on  top  of  the  Shiva  bank  and  triggered  just  before 
Shiva  itself  was  triggered.  An  aluminized  Mylar  mirror  directed  the  light  from  the  flash  lamp 
down  the  axis  of  the  liner,  and  a  second  mirror  below  the  liner  (this  one  made  of  glass)  then 
directed  the  light  to  a  gated  MCP  camera  located  5  ~  6  feet  (1.5  ~  1.8  m)  away.  Figure  28  shows 
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(a)  (b) 

Figure  27.  Radiographic  images  of  the  middle  (a)  and  bottom  (b)  portions  of  the  MTF 
DCL  22  ps  after  current  conduction  began.  The  liner  seems  to  be  pinching  slightly  in  the 
lower  part  of  (a),  but  there  is  still  no  indication  of  tearing  near  the  electrodes. 


Figure  28.  Photographic  image  (negative)  obtained  from  the  gated  MCP  camera.  The 
MCP  was  triggered  at  20.85  ps  and  had  a  300  ns  exposure  window. 

an  image  recorded  with  the  MCP  camera  ~21  ps  after  current  conduction  started  with  a  300  ns 
window  of  exposure.  The  image  is  a  negative,  so  the  black  spot  in  the  center  indicates  the  inner 
diameter  of  the  liner,  which  is  open  and  still  transmitting  light.  As  can  be  seen,  the  spot  is  very 
uniform. 

As  might  be  expected  from  the  images  above,  signals  from  three  B-dot  probes  spaced  120°  apart 
in  the  return  conductor  around  the  liner  also  showed  that  there  were  no  non-uniformities  in  the 
current  delivered  to  the  liner.  These  signals,  along  with  the  current  waveforms  measured  with 
the  Shiva  arm  and  load  Rogowski  coils  are  presented  in  the  plot  in  Fig.  29.  The  Rogowski 
current  waveforms  have  been  rescaled  by  a  factor  of  1 . 1  before  being  plotted  in  this  graph,  as 
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previous  Shiva  shots  on  which  the  Faraday  rotation  diagnostic  was  fielded  have  shown  that  the 
sum  of  the  arm  currents  and  the  CW/CCW  Load  currents  are  low  in  amplitude  by  this  amount. 
(The  Faraday  diagnostic  has  been  chosen  to  be  the  “standard”  because  it  has  been  found  to  be  the 
most  accurate  diagnostic  for  determining  the  actual  amplitude  of  the  current.)  The  B-dot  probe 
waveforms  were  also  rescaled  (arbitrarily)  by  1/1.13  to  1/1.16  (i.e.,  0.885  to  0.865)  to  make  them 
overlay  with  the  Rogowski  signals.  This  minor  variation  in  amplitude  in  the  B-dot  probe  signals 
is  not  unexpected,  since  placement  of  the  probes  in  the  experimental  setup  at  the  exact 
orientation  and  depth  to  which  they  were  placed  when  calibrated  in  the  calibration  stand  is 
somewhat  difficult. 


MTF  shot  at  Bldg  322  w/  SHIVA  Star  on  Dec.  09,  2003 

Overlay  of  SHIVA  currents  as  measured  by  summing  the  6  individual  arm  currents,  the 
common  mode  noise  corrected  load  currents,  and  the  B-dot  probes. 


scales 


1.100E+0 

-1.100E+0 

1.100E+0 

865.000E-3 

885.000E-3 

885.000E-3 

Figure  29.  Current  waveforms  measured  by  the  Shiva  arm  Rogowski  coils,  the  clockwise 
(CW)  Rogowski  coil,  the  counter-clockwise  (CCW)  Rogowski  coil,  and  each  of  the  three  B- 
dot  probes  inserted  through  the  liner  return  conductor.  The  waveforms  have  been  scaled 
by  the  factors  shown  to  the  right  of  the  graph. 

In  any  case,  after  adjusting  the  scaling  the  Rogowski  coils  all  indicate  that  a  peak  current  of 
~12.2  MA  was  obtained,  and  all  six  waveforms  plotted  in  the  graph  follow  each  other  very 
closely  up  until  t  =  17  ~  18  ps.  At  this  point,  the  Rogowski  coils,  which  are  further  away  from 
the  liner,  indicate  a  more  rapid  drop  and  reversal  in  current,  while  the  B-dot  probes  indicate 
continued  current  flow  of  the  same  polarity  through  the  liner.  Note  that  current  flow  is  actually 
observed  to  start  at  t  =  1.3  ps,  so  that  the  corresponding  times  for  the  photos  in  Figs.  26  -  28  are 
then  21.3  ps,  23.3  ps,  and  22.15  ps,  respectively. 

2.2  JANUARY 2005  TEST 

The  second  deformable-contact  liner  implosion  test  was  performed  January  5,  2005.  A  key 
change  in  the  setup  compared  to  the  previous  shot  was  the  provision  enabling  radiographic 
images  to  be  taken  that  spanned  nearly  the  entire  length  of  the  liner  during  the  shot.  To 
accommodate  the  increased  field  of  view,  the  radiography  sources  were  moved  back  from  the 
liner,  and  the  aluminum  hexagonal  vacuum  chamber  surrounding  the  liner  and  return  conductor 
was  replaced  with  a  1”  thick  acrylic  tube  with  an  aluminum  end  plate.  There  were  essentially  no 
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changes  made  to  the  liner,  its  upper  and  lower  electrodes,  or  the  return  conductor,  however. 
Figure  30  shows  a  eross-sectional  diagram  of  this  new  hardware  arrangement. 


Radial  Transmission 


Figure  30.  AutoCAD  drawing  of  the  hardware  configuration  used  in  the  second 
deformable  contact  liner  shot.  The  black  dashed  lines  indicate  the  center  axis  of  the 
radiography  pulser,  the  field  of  view  of  the  pulser  (dictated  by  the  port  in  the  steel  I-beam 
in  front  of  it),  and  the  plane  of  the  radiographic  film  pack. 

The  load  current  waveforms  obtained  during  the  shot  from  the  Faraday  rotation  diagnostie  and 
the  eloekwise  (CW)  and  eounter-cloekwise  (CCW)  Rogowski  eoils  are  shown  in  Fig.  31.  The 
sum  of  the  currents  measured  by  the  six  Shiva  arm  Rogowski  eoils  is  also  shown  in  the  plot.  As 
is  the  case  for  the  data  presented  in  Fig.  29,  eaeh  of  the  three  Rogowski  waveforms  has  been 
multiplied  by  a  correction  factor  of  1 . 1  to  match  their  amplitudes  with  that  of  the  waveform 
obtained  from  the  Faraday  diagnostie.  As  ean  be  seen,  there  is  exeellent  agreement  among  the 
eurrent  waveforms  from  all  four  diagnostics. 

Current  waveforms  measured  with  three  B-dot  probes,  placed  120°  apart  around  the  return 
eonductor  (Fig.  30),  are  shown  in  Fig.  32.  The  amplitudes  of  the  waveforms  are  within  8%  of 
those  measured  by  the  other  current  diagnostics  (Fig.  31),  but  more  importantly  there  is  again 
very  good  agreement  between  the  shapes  of  eaeh  of  the  probe  signals,  which  indicates  uniform 
eurrent  delivery  to  the  liner.  Only  at  t  =  ~22  ps,  at  whieh  point  the  liner  has  perhaps  reaehed  the 
eenter  axis  and  begun  to  expand  again,  do  the  eurrent  waveforms  begin  to  differ  from  one 
another. 

Radiographic  images  of  the  liner  were  taken  at  similar  times  as  the  images  recorded  during  the 
first  test  shot  (Figs.  25  -  27)  and  are  shown  below  in  Figs.  33  -  35.  Figure  33  shows  a  static 


32 


l,50E+07 


-5  0  5  10  15  20  25  20  25  40  45 

Time. 


- Faiaclay 

- CWRo«o*  1  1 

- Cav  Ro«o  *  1  1 

Sum  Anus  ’^1.1 


Figure  31.  Current  waveforms  obtained  with  the  Faraday  rotation  diagnostic,  the 
clockwise  (CW)  and  counter-clockwise  (CCW)  load  Rogowski  coils,  and  the  six  Shiva  arm 
Rogowski  coils.  Each  Rogowski  coil  signal  has  been  multiplied  by  a  correction  factor  of 


1.1. 


Figure  32.  Current  waveforms  obtained  from  the  three  B-dot  probes  inserted  into  the 
return  conductor.  The  probes  were  spaced  120°  apart  azimuthally. 
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Figure  33.  Static  radiographic  image  of  the  deformable  contact  liner  taken  before  the 
shot. 


Figure  34.  Radiographic  image  of  the  liner  taken  20.96  ps  after  current  delivery  began. 


Figure  35.  Radiographic  images  of  the  liner  taken  21.88  ps  after  current  delivery  began. 
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view  of  the  liner  taken  before  the  shot,  Fig.  34  shows  an  image  of  the  liner  during  the  shot  at  t  = 
20.96  |rs  after  eurrent  has  started  flowing,  and  Fig.  35  shows  the  liner  at  t  =  21.88  |rs.  The  aetual 
radiographie  films  that  were  reeorded  are  one  pieee,  but  due  to  the  size  limitation  of  our  scanner 
only  half  of  the  fdm  could  be  scanned  at  one  time.  A  piece  of  tape  was  placed  on  each  fdm 
(projecting  from  the  right  side  of  each  image)  as  a  marker  to  indicate  where  to  overlap  the  top 
and  bottom  images. 

The  radiographs  show  a  very  uniform  radial  implosion  of  the  liner  with  even  a  slight  pinch 
developing  at  each  end  of  the  uniform  region  (c.f ,  the  pinch  observed  in  Figs.  26a  and  27a).  As 
mentioned  above,  such  a  pinch  may  provide  further  aid  in  confining  the  FRC  within  the  liner  as 
it  is  being  compressed.  After  carefully  analyzing  and  comparing  the  mean  liner  diameters 
observed  in  the  radiographs  in  Figs.  33  and  34,  it  can  be  seen  that  the  liner  is  compressed  by  a 
factor  of  approximately  4.6  by  20.96  ps.  From  the  radiograph  in  Fig.  35  a  factor  of  7.2  in 
compression  is  observed  by  21.88  ps,  and  now  both  ends  of  the  liner  appear  to  be  totally  closed 
off  while  a  narrow  opening  remains  in  the  middle.  The  increased  radiographic  field  of  view  in 
this  second  experiment  has  verified  that  there  are  no  instabilities  developing  at  late  times  during 
the  implosion,  and  data  from  both  liner  shots  have  revealed  an  extremely  uniform  radial 
compression  of  the  liner.  These  data  confirm  that  a  “z-driven”  liner  can  in  fact  be  used  for  FRC 
compression. 
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3.0  SUPPORT  OF  EXPERIMENTAL  EFFORT  (FRX-L)  AT  LOS 
ALAMOS 


Picking  up  where  Task  Order  3  left  off,  under  Task  Order  36  SAIC  personnel  and  subcontraetor 
FabTek,  Inc.  have  eontinued  to  provide  support  on  a  regular  basis  to  personnel  at  the  FRX-L 
faeility.  Traditionally  our  support  efforts  have  been  foeused  primarily  on  the  FRX-L  Main  bank 
Crowbar  switeh,  ineluding  sueh  tasks  as  providing  assistanee  with  troubleshooting  (of  the 
triggering  system),  maintenance  (rail-gap  switeh  cleaning),  and  repairs.  Soon  after  the  start  of 
work  on  Task  Order  36,  however,  the  Crowbar  switeh  work  was  expanded  to  inelude  a  complete 
redesign  of  the  eonfiguration  of  the  switeh.  The  redesign  effort  was  aimed  at  redueing  the 
amount  of  modulation  indueed  by  the  Crowbar  switeh  on  the  Theta  eoil  current  waveform  to  the 
minimal  amount  possible.  SAIC’s  efforts  in  this  area  also  ineluded  preparing  the  detailed 
hardware  drawings  neeessary  to  have  the  parts  fabricated,  and  then  following  through  with  the 
fabrieation  and  installation  of  the  new  switeh  on  the  FRX-L  Main  bank. 

More  reeently,  SAIC  personnel  have  been  able  to  provide  assistance  in  a  number  of  other  areas 
related  to  the  daily  operation  of  the  experiment,  from  troubleshooting  other  systems  (e.g., 
identifying  a  bad  eapacitor  in  one  of  the  banks  and  helping  to  replaee  it)  to  helping  with  the  set¬ 
up  of  various  diagnosties  (e.g.,  an  array  of  fiber  optie  light  monitors)  to  even  operating  the  FRX- 
L  system,  as  needed.  Related  to  design  and  upgrade  efforts,  SAIC  was  able  to  help  with  the 
implementation  of  a  passive  mirror  scheme  on  the  ends  of  the  Theta  eoil  earlier  this  year.  Within 
the  past  eouple  of  months,  SAIC  personnel  have  performed  analyses  on  two  proposed  eapacitor 
bank  designs  that  will  possibly  be  set  up  to  drive  various  field  eoils  as  experiments  in  FRC 
translation  begin. 

In  the  subseetion  below,  SAIC’s  work  related  to  the  FRX-L  Crowbar  switch  will  be  diseussed  in 
mueh  greater  detail.  In  following  subseetions,  additional  information  regarding  the  other  design 
efforts  that  SAIC  personnel  have  been  supporting  is  provided. 

3.1  LOWER-INDUCTANCE  CROWBAR  SWITCH  FOR  THE  FRX-L  MAIN  BANK 

3.1.1  First  Crowbar  Switch  -  Description  of  Triggering  Problems  and  Excessive  Modulation 

Sinee  its  installation  on  FRX-L  as  part  of  the  work  performed  for  Task  Order  3,  the  Main  bank 
Crowbar  switch  has  had  considerable  diffieulties  with  triggering.  Speeifically,  this  problem  has 
manifested  itself  as  the  inability  to  initiate  eurrent  eonduction  in  all  four  Crowbar  rail-gap 
switches  at  the  desired  time  exeept  within  a  narrow  time  window  around  the  zero  erossing  of  the 
voltage  aeross  the  switch.  Even  within  this  time  window,  the  jitter  displayed  by  the  individual 
rail  gaps  was  fairly  substantial  (lOO’s  ns).  Furthermore,  while  the  time  window  did  lie  in  a 
region  where  one  would  typically  desire  to  trigger  a  Crowbar  switeh,  at  the  Theta  coil  current 
maximum,  the  time  window  also  eoineided  with  a  regime  in  which  the  switch  operated  more 
inductively,  as  was  evideneed  during  eharacterization  tests  performed  at  AFRL.  Consequently, 
the  Crowbar  switch  induced  a  eonsiderable  amount  of  amplitude  modulation  on  the  Theta  eoil 
current  waveform  during  eaeh  shot.  Before  pursuing  an  alternative  lower-inductanee  Crowbar 
switch  design,  a  number  of  attempts  were  made  to  identify  and  remedy  the  triggering  problems 
so  that  the  existing  switch  could  be  operated  in  a  lower-induetance  regime. 
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The  graph  in  Fig.  36  better  illustrates  the  triggering  problems  eneountered.  Waveforms  from  the 
voltage  monitor  aeross  the  Crowbar  switeh,  taken  from  several  shots  with  varying  delays 
between  the  Main  bank  and  Crowbar  switch  triggers,  are  overlaid.  The  Theta  coil  current  peak 
occurs  approximately  2.6  ps  following  the  start  of  the  Main  bank  current,  where  the  voltage 
waveform  crosses  the  axis.  In  each  case,  there  is  an  abrupt  rise  in  voltage  when  the  Main  bank  is 
triggered;  then  as  voltage  drops  there  appears  a  spike  in  each  waveform  corresponding  to  the 
time  at  which  the  Crowbar  is  triggered.  For  the  2.6  ps  case,  there  is  some  small  voltage 
oscillation  remaining  across  the  Crowbar  switch  after  it  is  triggered.  This  voltage  is  the  drop  due 
to  the  inductance  (and  finite  resistance)  in  the  switch.  For  the  2.2  ps  case,  the  trigger  is  clearly 
seen  to  have  occurred  earlier,  but  the  voltage  in  the  negative  cycle  swings  much  larger  until  at 
-12.8  ps  there  is  a  sudden  drop  (though  following  the  drop  the  voltage  still  remains  larger  than 
for  the  2.6  ps  case).  This  drop  indicates  when  the  Crowbar  switch  actually  starts  conducting,  ~ 

3. 1  ps  after  the  trigger  pulse.  The  situation  becomes  worse  for  the  1 .8  ps  case,  and  still  worse 
when  the  PI  bank  is  not  operated.  Open  shutter  photos  have  confirmed  that  switch  operation  was 
poorer  as  the  delay  time  was  decreased.  With  a  delay  of  2.6  ps,  all  4  rail-gap  switches  were  seen 
to  fire;  with  a  delay  of  2.2  ps,  only  three  rail  gaps  fired  and  the  fourth  remained  dark;  and  during 
the  1.8  ps  shots  only  one  or  two  of  the  rail  gaps  fired. 


Time  (us) 


Figure  36.  Plot  of  voltage  across  the  Crowbar  switch  vs.  time.  Waveforms  from  shots 
with  varying  Main  bank-to-Crowbar  triggering  delays  (and  one  without  the  Main  bank  - 
#2340)  are  overlaid  to  show  how  the  Crowbar  triggering  becomes  worse  as  delay  time  is 
decreased. 


The  extent  of  the  modulation  on  not  only  the  Theta  coil  current  but  also  on  the  magnetic  field 
forming  and  compressing  the  FRCs  was  evident  from  the  flux  loop  waveforms,  several  of  which 
are  shown  in  Fig.  37.  As  the  trigger  delay  is  decreased,  the  modulation  was  found  to  increase, 
and  because  switch  closure  tended  to  occur  later  and  later  after  the  current  maximum,  the  mean 
current  and  flux  was  also  reduced. 
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Figure  37.  Output  signals  from  one  of  the  flux  loops  around  the  vacuum  vessel  at  the 
theta  coil  for  the  same  shots  as  in  Fig.  36.  As  delay  decreases  -  and  switch  closure  occurs 
later  in  time  -  the  modulation  in  the  flux  increases  and  the  average  value  drops. 

It  should  be  noted  that  during  the  characterization  tests  of  the  Crowbar  switch  conducted  at 
AFRL,  such  triggering  problems  were  not  observed.  Rather,  the  switch  seemed  to  trigger  quite 
readily  at  whatever  delay  time  was  dialed  into  the  delay  generator,  and  opposite  to  what  has  been 
observed  at  FRX-L  the  load  current  modulation  increased  as  the  delay  approached  the  time  of  the 
Theta  coil  current  maximum/voltage  minimum  (Fig.  38).  (It  is  this  behavior  that  led  to  the 
hypothesis  that  with  less  voltage  across  the  Crowbar  rail  gaps  when  they  are  triggered,  there  is 
poorer  multi-channeling,  which  in  turn  leads  to  higher  switch  inductance  and  more  modulation  in 
the  current  waveform  following  the  Crowbar  trigger.)  Furthermore,  open-shutter  photos  always 
indicated  that  all  four  Crowbar  rail-gap  switches  fired. 

Therefore,  in  an  effort  to  better  understand  the  source  of  the  Crowbar  switch  triggering  problem 
on  FRX-L  several  trigger  diagnostics  were  set  up  and  monitored.  The  diagnostics  consisted 
primarily  of  Rogowski  coils  placed  around  both  the  Main  bank  and  Crowbar  switch  trigger 
cables  at  the  trigger  boards  to  monitor  the  amplitude  and  rate  of  rise  of  the  trigger  pulses.  Other 
diagnostics  such  as  fiber  optic  monitors  to  sense  when  the  peaking  gaps  on  the  Crowbar  trigger 
board  fired  and  a  voltage  monitor  to  measure  the  change  in  potential  between  the  trigger  cable 
ground  braid  and  the  Main  bank  ground  were  also  fielded  and  monitored  over  several  shots. 

Data  from  three  of  the  Crowbar  trigger  monitors  and  one  of  the  Main  bank  trigger  monitors  is 
shown  in  Fig.  39.  Part  of  the  noisy  appearance  of  the  signals  is  likely  due  to  reflections  of  the 
trigger  pulse  at  the  rail  gap  trigger  electrode,  as  it  first  encounters  an  open  circuit  followed  by  a 
rapidly  falling  impedance.  The  waveforms  shown  here  are  unintegrated;  that  is,  they  show  the 
dl/dt  of  the  trigger  pulse.  It  is  immediately  obvious  that  the  dl/dt  for  the  Main  bank  trigger  pulse 
is  significantly  larger  than  that  for  each  of  the  Crowbar  trigger  pulses.  The  shape  also  is 
somewhat  different.  Integrating  the  signals  to  obtain  the  current  in  each  trigger  pulse  also  shows 
a  difference  in  amplitude  between  the  Main  bank  and  Crowbar  switches,  though  it  is  not  quite  as 
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Figure  38.  Several  load  current  waveforms  recorded  during  AFRL  Crowbar  test  shots. 
The  quarter  cycle  time  for  the  current  was  slightly  longer  than  for  FRX-L,  being  ^2.9  ^s. 
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Figure  39.  Graph  showing  typical  waveforms  (unintegrated)  obtained  from  Rogowski 
coils  placed  around  trigger  cables  going  to  the  west  side  and  the  two  inner  Crowbar  rail- 
gap  switches  and  to  the  west  side  Main  bank  rail-gap  switch.  The  Main  bank  monitor 
signal  was  delayed  by  1.845  ps  to  allow  it  to  be  displayed  with  the  other  signals. 

pronounced  (Fig.  40).  For  the  shot  illustrated  in  these  graphs,  the  Main  bank  was  charged  and 
fired,  though  the  trigger  dl/dt  and  eurrent  waveforms  appeared  nearly  identieal  in  trigger-only 
tests. 
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Figure  40.  A  graph  of  the  same  waveforms  shown  in  Fig.  39  after  they  have  been 
integrated.  The  Main  bank  monitor  signal  was  again  delayed  (by  1.845  ps)  to  allow  it  to  be 
displayed  with  the  other  signals. 


At  first  glance  the  data  in  these  two  graphs  appear  to  point  to  the  Crowbar  trigger  system  as 
being  the  source  of  the  problem  because  of  the  eonsiderably  lower  amplitude  of  the  Crowbar 
trigger  signals  when  compared  to  the  Main  bank  trigger  signals.  However,  all  of  the  eomponents 
beyond  the  master  trigger  generator  to  the  Crowbar  rail  gaps  (trigger  cables,  trigger  board 
components,  ete.)  were  also  a  part  of  the  initial  Crowbar  test  setup  at  AFRL,  and  thorough 
cheeks  of  these  components  showed  nothing  abnormal  with  them.  Inside  the  Crowbar  master 
trigger  generator,  whieh  of  eourse  generates  and  launehes  the  trigger  pulses  down  the  trigger 
cables,  there  is  only  a  power  supply  and  a  spark  gap  switeh  to  short  out  that  end  of  the  trigger 
eables.  A  quick  measurement  of  the  DC  charge  voltages  applied  by  both  the  Main  bank  and 
Crowbar  switch  master  trigger  generators  revealed  that  they  were  within  1  kV  of  each  other.  It  is 
possible  that  the  peaking  switches  on  the  Crowbar  trigger  board  are  responsible  for  the  lower 
dl/dt  in  the  Crowbar  triggers,  as  the  Main  bank  trigger  setup  does  not  include  any  such  switches. 
Their  main  purpose  is  to  increase  the  dV/dt  of  the  trigger  pulse  delivered  to  the  Crowbar  rail 
gaps,  but  the  addition  of  another  series  resistive  and  induetive  element  may  work  to  reduee  the 
dl/dt.  If  this  is  the  ease,  though,  it  must  also  have  been  true  for  the  AFRL  test  setup,  as  well, 
since  again  the  same  peaking  switches  are  being  used  on  FRX-L.  Thus,  while  these  data  provide 
some  additional  and  interesting  information,  they  still  have  not  provided  a  elear  indication  of 
where  the  source  of  the  triggering  problems  really  lies. 


3.1.2  Steps  Taken  to  Alter  Circuit  Properties  External  to  the  Crowbar  Switch 

In  addition  to  studying  the  Crowbar  triggering  problems  and  examining  how  the  Crowbar  switeh 
might  be  triggered  at  earlier  times  where  it  eould  operate  less  induetively,  FRX-L  and  SAIC 
personnel  also  explored  a  means  of  altering  induetances  elsewhere  in  the  Main  bank  circuit  with 
the  intent  of  decreasing  the  influenee  of  the  Crowbar  switch  inductance.  Speeifically,  this 
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approach  involved  moving  the  flux  excluder  plates  further  away  from  the  ends  of  the  Theta  coil 
(from  2  cm  to  4  cm  on  each  side).  By  increasing  the  spacing  between  the  two,  the  effective 
inductance  of  the  theta  coil  would  increase,  and  thus  the  Crowbar  inductance  would  become  a 
lower  percentage  of  the  total  circuit  inductance.  SAlC’s  Dr.  Jerry  Parker  performed  several 
computational  analyses  of  the  Theta  coil  and  excluder  plate  geometry  and  determined  that  the  net 
inductance  increase  for  the  Theta  coil  would  be  from  ~24  nH  to  ~3 1  nH  with  this  change. 

Subsequent  shots  did  indeed  show  some  improvement  in  the  way  of  a  reduction  in  modulation  on 
the  crowbarred  Theta  coil  current  waveform,  however  the  reduction  was  still  not  sufficient  for 
acceptable  FRC  plasma  formation.  The  modulation  seemed  at  best  to  be  ~50  %.  With  minor 
modifications  to  the  Crowbar  switch  bus  hardware,  such  as  those  that  had  been  proposed  in  the 
Task  Order  3  final  report,  further  improvement  in  the  performance  of  the  switch  could  be 
expected,  however  FRX-L’s  Dr.  Tom  Intrator  estimated  that  an  acceptable  upper  limit  for  the 
amplitude  of  the  modulation  was  only  25  ~  30%.  Otherwise,  the  FRC  would  likely  expand 
axially  beyond  either  end  of  the  Theta  coil  at  the  first  current  minimum  and  the  resulting  particle 
loss  would  be  quite  high,  which  in  turn  would  adversely  affect  the  FRC  lifetime.  Since  our 
estimates  for  the  reduction  in  inductance  that  would  be  obtained  with  the  proposed  modifications 
to  the  present  switch  did  not  appear  to  meet  these  requirements,  SAIC  personnel  began  studying 
alternative  Crowbar  switch  designs  that  could  keep  the  level  of  the  modulation  below  this  limit. 

3.1.3  Redesign  of  the  Crowbar  Switch  to  Dramatically  Reduce  Current  Modulation 

Several  different  Crowbar  switch  configurations  were  considered,  but  eventually  it  became 
apparent  that  the  one  illustrated  in  Fig.  41  would  be  the  best  choice.  Because  the  current  path  for 


Figure  41.  Conceptual  drawing  of  a  Crowbar  switch  configuration  allowing  the  center 
conductors  of  the  RG  17/14  cables  to  be  connected  to  bus  plates  running  over  the  tops  of 
the  Crowbar  rail  gaps.  Arrows  indicate  the  current  paths  during  the  initial  discharge  and 
following  the  triggering  of  the  Crowbar  switch. 
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the  RG  17/14  cores  (dielectrics  and  center  conductors)  runs  over  the  tops  of  the  rail-gap  switches 
instead  of  below,  as  was  the  case  with  the  first  Crowbar  switch  configuration,  the  two  loops 
formed  by  the  crowbarred  Main  bank  and  Theta  coil  circuits  do  not  enclose  any  volume  that  is 
common  between  the  two.  With  no  shared  volume  (i.e.,  no  coupling),  the  modulation  of  the 
crowbarred  Theta  coil  current  waveform  is  significantly  reduced.  Circuit  simulations,  using 
inductances  calculated  for  the  new  geometry,  predicted  a  modulation  of  28  ~  29%,  within  the 
acceptable  range  determined  by  Dr.  Intrator.  To  achieve  a  further  reduction  in  inductance  adding 
a  fifth  rail  gap  switch  in  parallel  with  the  other  four  was  considered,  but  it  was  later  decided  to 
limit  the  design  to  four  rail  gaps,  since  the  FRX-L  Crowbar  trigger  system  was  already  set  up  for 
a  four-rail-gap  Crowbar  switch. 

Following  the  preparation  of  a  Solid  Works®  model  of  the  switch  showing  many  of  the 
hardware  details  (Fig.  42),  a  formal  review  for  this  new  design  was  held  at  the  FRX-L  facility  on 
March  3,  2004.  The  purpose  of  the  review  was  to  make  certain  that  nothing  was  being 
overlooked  in  the  design  and  to  allow  FRX-L  personnel  an  opportunity  to  insert  any  last-minute 
additions  into  the  design  that  experience  with  the  first  crowbar  switch  had  shown  would  be 
useful  or  important  to  have.  The  additional  features  that  were  proposed  were  minor  and  are 
located  where  the  red  circles  are  shown  in  Fig.  43. 


Figure  42.  Solid  Works®  rendering  of  the  new  crowbar  switch  design. 

The  first  addition  to  the  design  that  was  suggested  (I)  involved  inserting  an  array  of  seventy-two 
fiber  optic  cables  in  the  conductor  going  over  the  rail-gap  switches  (eighteen  per  switch).  Since 
this  conductor  passes  over  the  switch,  it  effectively  blocks  all  view  of  the  switch  and  prevents 
any  open-shutter  photos  from  being  taken  during  shots  (which  have  been  used  to  verify  that  the 
rail  gaps  conducted  current  and  that  multi-channeling  was  good).  An  array  of  optical  fibers 
could  perform  this  same  monitoring  function  in  place  of  the  open  shutter  photos,  however,  since 
several  fibers,  spaced  uniformly  along  the  length  of  each  rail-gap  switch,  could  transmit  light 
from  the  rail  gaps  to  either  a  film  pack  or  an  array  of  fiber  optic  receivers,  thereby  providing  the 
same  information  as  an  open  shutter  photo.  Either  the  recorded  image  or  the  signals  from  the 
fibers  would  then  show  whether  each  rail  gap  had  fired  and,  if  so,  whether  the  light  (current 
channels)  was  uniform  along  the  length  of  the  gap  or  concentrated  in  just  a  few  locations. 
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Figure  43.  End-on  view  of  the  Crowbar  switch  model  shown  in  Fig.  42.  Red  circles 
highlight  additional  features  suggested  by  FRX-L  personnel  at  the  design  review:  (I)  an 
array  of  fiber  optic  feed-throughs  above  each  rail  gap;  (II)  an  extension  to  Main  bank  bus 
plates;  (III)  notches  in  the  bracket  supporting  rail  gaps  for  Rogowski  coils. 

The  second  addition  (II)  was  derived  following  a  more  careful  examination  of  the  spacing 
between  the  Crowbar  switch  hardware  and  the  backs  of  the  capacitors  in  the  upper  half  of  the 
Main  bank.  While  posing  no  problem  with  electrical  breakdown  since  both  the  capacitors  and 
the  Crowbar  switch  bus  work  are  all  at  the  same  potential,  it  was  apparent  that  the  spacing  would 
be  extremely  confined  and  would  complicate  assembly  and  maintenance.  Therefore,  the 
extension  to  the  bus  plates  shown  between  the  Main  bank  bus  plates  and  the  proposed  Crowbar 
bus  work  was  added. 

Addition  number  III  provided  an  additional  means  of  diagnostic  access  in  the  new  Crowbar 
switch  that  was  not  present  in  the  original.  Though  not  clearly  seen  from  the  view  in  Fig.  43,  it 
was  suggested  that  slots  be  added  to  the  support  bracket  on  the  “ground”  side  of  the  rail  gaps,  so 
that  individual  Rogowski  coils  might  be  looped  around  the  bracket  segments  under  each  rail-gap 
switch  to  monitor  the  currents  passing  through  them.  In  conjunction  with  the  fiber  optic  array, 
this  feature  would  provide  a  second  verification  that  each  Crowbar  rail  gap  was  indeed  operating 
during  each  shot,  and  it  would  also  show  how  uniformly  the  current  was  distributed  among  the 
four  rail  gaps. 

3.1.4  Fabrication,  Delivery,  and  Assembly  of  the  New  Crowbar  Switch 

Following  the  design  review,  each  of  the  three  hardware  additions/modifications  discussed  above 
were  incorporated  into  the  final  detailed  parts  drawings  for  both  the  FRX-L  Crowbar  switch  and 
the  FTX  Crowbar  switch  (described  earlier  in  Section  2).  Fabrication  of  the  hardware  for  the 
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FRX-L  Crowbar  switch  then  began  once  the  drawings  were  completed  and  after  the  next  funding 
inerement  had  arrived  from  the  OFES. 

Once  fabrication  was  completed  and  the  parts  had  arrived  in  house  at  AFRL,  S  AIC  personnel 
inspeeted  and  test  fitted  eaeh  eomponent  to  ensure  that  they  had  the  proper  dimensions  and 
toleranees  (Fig.  44).  A  few  minor  problems  were  discovered  initially,  sueh  as  the  fact  that  the 
spaeing  between  rail-gap  switehes  was  slightly  different  than  antieipated  or  that  certain  bolt 
holes  were  not  drilled  correetly  or  not  drilled  at  all.  However,  these  problems  were  quiekly 
eorreeted,  either  by  the  vendor  or  by  our  in-house  maehine  shop. 


Figure  44.  Photo  of  the  new  Crowbar  rail  gaps  and  several  of  the  new  Crowbar  hardware 
items  during  a  trial  assembly  at  AFRL. 

With  regard  to  the  best  approaeh  to  testing  the  new  switeh,  initially  it  was  felt  that  it  would  be 
more  expedient  to  test  it  at  AFRL,  sinee  by  doing  so  the  FRX-L  experimental  campaign  would 
not  have  to  be  interrupted  and  the  system  taken  off  line  to  install  the  switch.  In  that  case  S  AIC 
personnel  would  install  the  erowbar  switeh  onto  the  FTX  Main  bank  onee  the  design  work  for  it 
had  been  eompleted  and  the  hardware  fabricated  and  assembled.  Characterization  tests  with  the 
new  Main  bank  eould  then  be  performed  at  the  same  time  as  the  tests  with  the  Crowbar  switch, 
using  a  dummy  load  in  which  to  discharge  the  bank.  The  proposed  series  of  tests  would, 
therefore,  have  been  very  similar  to  those  that  were  done  with  the  first  crowbar  switch  in  FYOl. 
This  decision  was  later  reversed,  however,  because  it  was  noted  that  while  FRCs  could  possibly 
be  formed  on  FRX-L  with  the  densities  and  temperatures  within  the  desired  range,  the  FRC 
lifetimes  would  never  reaeh  aeceptable  values,  for  the  reasons  diseussed  earlier,  as  long  as  the 
first  Crowbar  was  used  with  its  excessive  modulation  of  the  Theta  coil  current  waveform. 

To  reduce  the  down  time,  therefore,  that  would  come  with  setting  up  the  new  Crowbar  switch 
immediately  on  FRX-L,  the  Crowbar  hardware  was  partially  assembled  in  advance  -  including 
mounting  it  to  a  new  quad  set  of  rail-gap  switehes  -  in  AFRL’s  Building  322  before  shipping.  A 
speeial  rail  gap  assembly  table  was  borrowed  from  Titan  Pulse  Scienees  Division  in  order  to 
bond  the  four  Crowbar  rail-gap  switehes  together.  Also  as  part  of  this  effort,  S  AIC  personnel 
prepared  the  gas  fill  and  exhaust  lines  for  the  rail  gaps  and  fabricated  and  ealibrated  the  four 
Rogowski  coils  that  were  to  be  plaeed  around  the  ground-side  supports  of  each  of  the  four  rail 
gaps. 
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When  all  of  the  preparatory  tasks  that  could  be  performed  were  completed,  the  hardware  was 
carefully  boxed  or  otherwise  secured  for  transportation  up  to  LANL.  Personnel  then  transported 
the  hardware  up  to  the  FRX-L  facility  at  the  beginning  of  November  04  and  returned  later  that 
month  to  work  with  FRX-L  personnel  in  quickly  installing  the  new  switch.  Figure  45  shows 
several  photos  of  the  crowbar  switch  at  various  stages  during  the  assembly  process.  Figure  46 
provides  a  view  of  how  the  Rogowski  coils  were  positioned  around  the  Crowbar  rail  gaps  and 
how  diagnostic  cable  connections  were  then  made  to  them. 


Figure  45.  FRX-L  Crowbar  switch  installation:  (a)  view  of  the  Crowbar  rail  gaps  and 
ground  bus  work  being  mounted  on  the  back  of  the  Main  bank;  (b)  the  nylon  anti-tracking 
tubes  and  Lexan  side  cover  have  now  been  placed  on  the  cable  header  portion  of  the 
switch;  (c)  the  Lexan  end  covers  and  the  hot  bus  bar  of  the  cable  header  have  now  been 
attached;  (d)  a  view  looking  down  on  the  FRX-L  Crowbar  switch  after  the  rail  gap  covers 
and  gas  feeds  have  been  installed  and  the  top  bus  plate  over  the  switch  has  been  bolted  into 
place. 
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(a)  (b) 


Figure  46.  Closer  view  of  the  crowbar  current  diagnostics:  (a)  four  Rogowski  coils 
(pushed  up  against  the  L-bracket  when  the  Nylon  anti-tracking  tubes  were  installed) 
monitor  the  current  flow  in  each  rail-gap  switch;  (b)  connections  to  the  Rogowski  coils  are 
made  at  the  west  Lexan  end  cover. 

The  majority  of  the  assembly  was  aetually  eompleted  in  a  day.  Only  the  re-termination  of  the 
RG-17/14  eables  remained,  as  well  as  a  eouple  of  minor  changes  that  were  needed  on  the  trigger 
board  to  enable  cormections  to  be  made  to  the  new  Crowbar  switch.  FRX-L  persormel  took  care 
of  completing  these  few  remaining  tasks  during  the  next  couple  of  days.  Once  this  work  had 
been  accomplished,  along  with  a  few  additional  maintenance  tasks  and  some  other  minor 
modifications  to  the  FRX-L  systems,  the  experimental  effort  was  ready  to  begin  again. 

Shortly  after  the  installation  of  the  new  crowbar  switch,  FRX-L  personnel  requested  a  couple  of 
slides  noting  the  improvements  in  the  new  switch  compared  to  the  previous  switch.  In  response 
(and  with  the  goal  of  completeness  and  of  carefully  documenting  all  of  the  new  switch’s 
properties),  several  additional  slides  were  prepared,  as  well.  This  set  of  slides  not  only  explained 
how  the  hardware  changes  should  reduce  the  modulation  in  the  Theta  coil  current,  but  also  how 
the  new  geometry  should  be  less  sensitive  to  changes  in  Theta  coil  inductance  and  to  the  time  at 
which  the  Crowbar  switch  is  triggered.  (Floating  the  Crowbar  trigger  generator  with  the  Main 
bank,  one  of  the  proposed  solutions  to  the  problem  limiting  the  variation  in  trigger  timing  for  the 
Crowbar  switch,  was  still  recommended,  however,  in  the  hope  that  it  would  allow  the  operator  to 
freely  vary  the  time  of  crowbarring  the  Theta  coil  current  if  needed.)  These  slides  are  included 
in  Appendix  D  for  reference. 

3.1.5  Evaluation  of  the  Initial  Operation  of  the  New  FRX-L  Crowbar  Switch 

By  July  05  on  the  order  of  100  Main-Bank  shots  had  been  performed  with  the  new  Crowbar 
switch.  Main  bank  charge  voltages  were  varied  from  ±25  kV  to  ±40  kV,  and  overall  the 
performance  of  the  switch  clearly  met  or  even  exceeded  expectations.  As  demonstrated  by  the 
plot  of  the  axial  magnetic  field  in  Fig.  47,  the  modulation  was  greatly  reduced  compared  to  that 
observed  with  the  former  crowbar  switch. 

Initially  there  was  some  difficulty  getting  the  Crowbar  switch  to  trigger  well  and  have  all  four 
rail  gaps  conduct  current  (evidence  that  the  original  triggering  problem  still  persisted),  but  after 
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Figure  47.  Waveforms  from  a  B-dot  probe  inserted  in  the  top  of  Theta  coil  segment  B. 

The  red  waveform  was  recorded  during  a  shot  with  the  old  Crowbar  switch  and  black 
during  a  shot  with  the  new  switch.  The  drop  in  flux  density  following  the  initial  peak  is 
only  27%  with  the  new  Crowbar  switch,  compared  to  46%  with  the  old.  This  drop  is 
somewhat  dependent  on  the  extent  of  the  trigger  delay  following  the  Theta  coil  current 
maximum. 

the  Main  bank-to-Crowbar  switch  trigger  delay  was  extended  by  a  few  hundred  nanoseconds, 
more  reliable  operation  was  then  obtained.  The  best  operating  (triggering)  point  for  the  switch  is 
now,  in  fact,  slightly  after  the  Theta  coil  current  maximum  has  been  reached;  this  is  part  of  the 
reason  for  the  initial  large  peak  seen  on  the  magnetic  field  waveform  in  Fig.  47  before  it  begins 
its  exponential  decay. 

Even  after  adjusting  the  triggering  delay,  however,  there  was  still  some  difficulty  with  getting 
both  of  the  two  inner  rail  gaps  to  conduct  during  the  same  shot.  Sometimes  only  gap  #2  would 
conduct,  and  at  other  times  only  gap  #3  would  conduct.  Similar  problems  had  occurred  once 
before  with  getting  gap  #4  to  conduct  on  the  previous  Crowbar  switch  right  after  the  switches 
had  been  cleaned.  At  that  time  it  is  possible  that  some  contaminant,  such  as  oil  or  another 
solvent  besides  alcohol,  had  inadvertently  gotten  onto  the  electrodes  of  that  gap,  effectively 
“poisoning”  it  after  the  first  shot  and  preventing  it  from  starting  conduction  within  a  reasonable 
amount  of  time  during  subsequent  shots.  Re-cleaning  the  gap  immediately  corrected  the  problem 
at  that  time,  however,  but  in  this  case  it  did  not  seem  to  help. 

Though  not  consistent,  the  Rogowski  coils  monitoring  each  of  the  Crowbar  rail  gaps  tended  to 
show  higher  currents  passing  through  the  two  outer  rail  gaps  (gaps  #1  and  4)  and  lower  currents 
passing  through  the  two  inner  ones  (gaps  #2  and  #3)  (Fig.  48).  This  behavior  suggested  that  the 
voltage  drop  across  the  outer  two  gaps  was  higher  than  that  across  the  inner  gaps,  and  it  was  then 
hypothesized  that  the  gap  spacing  on  the  inner  two  rail  gaps  could  be  reduced  to  compensate  for 
this  difference  and  thereby  increase  their  triggering  reliability. 
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Figure  48.  Current  waveforms  recorded  with  the  Rogowski  coils  around  each  of  the 
crowbar  switch  rail  gaps.  During  typical  shots  it  was  observed  that  the  current  passing 
through  the  outer  two  rail  gaps  was  higher  than  that  passing  through  the  inner  two. 
Currents  were  often,  but  not  always,  balanced  between  the  gaps  in  each  pair,  as  shown 
here. 


To  determine  how  much  the  gap  spacing  of  the  irmer  two  rail  gaps  should  be  decreased,  the 
electric  fields  across  the  electrodes  in  the  inner  and  outer  pairs  were  considered.  Because  it  was 
desired  to  keep  the  pressure  in  all  four  rail  gaps  the  same  and  to  have  all  four  rail  gaps  close  to 
the  same  operating  point  on  the  electric  field  vs.  pressure  curve,  it  seemed  clear  that  the 
adjustment  simply  needed  to  be  sufficient  to  equal  out  the  electric  fields  in  both  pairs  of  gaps. 
The  electric  fields  E2,3  and  Ei,4  were  then  estimated  in  the  following  manner. 

The  rail  electrodes  have  approximately  a  cylindrical  geometry,  and  from  Sarjeant  and  Dollinger 
(High-Power  Electronics,  Tab  Books,  Inc.,  Blue  Ridge  Summit,  1989,  p.  176)  the  maximum 
electric  field  between  two  parallel  cylinders  can  be  calculated  from  the  expression 


E 


max 


un 


2.3- r -log 


r  +  n  /  2 
r 


(6) 


where  U  is  the  voltage  between  the  cylinders,  r  is  the  radius  of  the  cylinders  (in  cm),  and  a  is  the 
surface-to-surface  spacing  between  the  cylinders  (also  in  cm).  The  radius  of  the  electrodes  in  the 
rail-gap  switches  is  1.5”  =  3.81cm,  and  the  typical  gap  spacing  of  the  Crowbar  switch  electrodes 
(for  100  kV  max  operation)  is  0.708”  =  1.80  cm.  The  voltage  drop,  U,  across  the  inner  and  outer 
pairs  of  gaps  was  estimated  from  the  rail-gap  current  waveforms  recorded  during  several 
“typical”  shots.  In  general 


U  =  L  — +  RI, 
dt 


(V) 
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but  just  after  the  gaps  are  triggered  and  before  current  really  begins  to  flow  (t  =  0^)  this 
expression  simplifies  to 


U  =  L 


dt 


(8) 


By  then  taking  the  time  derivatives  of  the  recorded  current  waveforms,  average  values  of  dl/dt  at 
t  =  0  were  found  for  the  gap  pairs:  dhydt  =  3.2  x  lO'"^  A/s  and  dl2,3/dt  =  2.5  x  10*"^. 

Substituting  Eqn.  (8)  into  Eqn.  (6),  and  plugging  in  the  above  values  for  dl/dt,  a,  and  r  into  the 
resulting  equation,  two  expressions  for  the  gap  electric  fields  are  obtained: 


g  _  3.2xlO‘^L 

~  1 7.526  log(l  .236) 

and 


(9) 


F  = 

^2.3 


2.5xlO‘^L 


3.81  +  a2^/2 

17.526  log- 


3.81 


(10) 


When  Eqns.  (9)  and  (10)  are  set  equal  to  each  other,  the  appropriate  electrode  spacing  for  the 
inner  two  rail  gaps  a2,3  is  found  to  be  1.373  cm  or  0.541”.  When  first  attempting  to  re-gap  the 
inner  two  rail-gap  switches  to  this  new  spacing,  it  was  discovered  that  the  bolt  slots  in  the 
electrodes  were  not  long  enough  to  allow  the  electrodes  to  be  slid  this  close  together.  As  a  result, 
an  intermediate  electrode  spacing  of  0.637”  was  chosen. 


Following  the  re- gapping  procedure,  there  did  in  fact  appear  to  be  some  improved  reliability  with 
making  both  inner  rail  gaps  conduct  current  together.  Interestingly,  however,  the  current 
distribution  among  all  four  rail  gaps  had  changed  in  an  unexpected  way,  as  is  illustrated  by  the 
plot  of  the  four  rail-gap  current  waveforms  shown  in  Fig.  49.  Though  this  exact  current 
distribution  was  again  not  always  consistent,  the  tendency  was  that  the  highest  current  flowed 
through  gap  1  with  the  current  steadily  decreasing  towards  gap  4.  This  particular  distribution  of 
current  does  not  appear  to  affect  the  operation  of  the  experiment  in  any  way  (based  upon  the 
magnetic  field  measurements  at  the  Theta  coils),  and  since  the  triggering  of  all  four  Crowbar  rail 
gaps  became  more  consistent,  attempts  were  not  made  at  that  time  to  modify  the  current  flow 
distribution  any  further. 


3.1.6  Analysis  of  Triggering  Problems  With  the  New  Crowbar  Switch 

The  overall  performance  of  the  new  Crowbar  switch  continued  to  be  extremely  good  as 
experiments  continued,  but  unfortunately  the  difficulties  with  getting  all  four  of  the  rail  gaps  to 
conduct  during  a  given  shot  returned  after  a  few  months.  The  problem  was  intermittent  at  first, 
but  by  August  05  the  problems  became  much  more  consistent  for  some  reason.  Unlike  the 
previous  instance  where  only  gap  #2  or  gap  #3  was  not  conducting,  this  time  the  gap  that  was  not 
conducting  was  fairly  random  from  shot  to  shot. 


At  this  point,  FRX-L  personnel  decided  to  implement  a  scheme  that  had  been  proposed  some 
time  ago  to  isolate  the  Crowbar  trigger  system  from  the  PI  and  Main  bank  trigger  systems  and  to 
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Figure  49.  Current  waveforms  recorded  with  the  Crowbar  Rogowski  coils  following  the 
re-gapping  of  the  inner  two  rail-gap  switches.  During  typical  shots  it  is  now  observed  that 
the  current  is  highest  in  gap  1  and  steadily  decreases  toward  gap  4. 

let  the  whole  system  float  with  the  Main  bank  during  shots.  The  Maxwell  40168  trigger 
amplifier  and  its  fiber  optic  trigger  receiver  were  placed  in  an  RF-shielded  equipment  rack  along 
with  a  UPS  that  would  provide  power  to  these  units  during  shot  operations.  Three  Jennings 
switches  (for  hot,  neutral,  and  ground)  were  used  to  break  contact  between  the  UPS  and  the  wall 
power  as  soon  as  high  voltage  was  enabled  on  the  40168.  Both  the  rack  and  the  master  trigger 
generator  were  placed  on  insulating  blocks  and,  together  with  the  RG-218  trigger  cables  running 
to  the  crowbar  switch,  were  kept  physically  separated  from  all  other  components  on  the 
experiment. 

Despite  the  fact  that  having  the  trigger  system  isolated  and  floating  during  a  shot  would  seem  to 
be  a  proper  pulsed  power  practice,  there  was  in  fact  no  discemable  change  in  the  performance  of 
the  Crowbar  switch  when  tests  were  conducted  again.  (It  was  noted,  however,  that  if  the 
Crowbar  trigger  system  was  subsequently  left  grounded  during  a  shot  or  if  the  equipment  rack 
door  was  left  open,  the  Main  bank  trigger  unit  could  then  readily  cause  the  Crowbar  trigger  unit 
to  fire  when  the  former  was  triggered.  As  long  as  careful  attention  was  given  to  these  details, 
however,  pre-firing  of  the  Crowbar  trigger  system  was  not  an  issue.)  Because  of  the  absence  of 
any  change  in  performance,  greater  attention  was  then  given  to  the  pulsed  power  data  measured 
at  the  Main  bank  and  Crowbar  switch  during  each  shot.  Such  data  included  signals  from  the 
trigger  monitors  located  on  the  western-most  Main  bank  and  Crowbar  switch  trigger  cables  (the 
delay  between  the  two  is  compared  with  the  delay  generator  setting  in  the  FRX-L  screen  room), 
the  signal  from  the  Crowbar  voltage  monitor,  and  the  current  waveforms  from  each  of  the 
Crowbar  Rogowski  coils.  A  measurement  of  the  total  current  from  the  Main  bank  and  Crowbar 
switch  was  obtained  from  the  Theta  coil  Rogowski.  Observations  from  the  data  were  as  follows: 

•  The  delay  between  triggering  the  Main  bank  and  the  Crowbar  switch,  as  determined  from 
the  trigger  monitors,  always  agrees  quite  well  with  the  delay  generator  setting. 
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•  The  four  Crowbar  rail  gaps  prefer  being  briggered  3.0  ps  following  the  Main  bank  trigger; 
when  attempting  to  trigger  earlier  or  later  only  three  rail  gaps  tend  to  conduct. 

•  Examination  of  the  actual  delay  between  the  start  of  current  from  the  Main  bank 
(determined  from  the  Theta  coil  Rogowski  signal)  and  the  start  of  current  through  the 
Crowbar  rail  gaps  (determined  from  each  of  the  Crowbar  Rogowski  signals)  showed  an 
additional  1  ~  2  jus  or  more  beyond  what  the  trigger  monitors  indicated.  (The  total  delay 
was  4  ps  or  greater.)  This  “tum-on”  time  for  the  switches  is  excessive. 

•  Such  an  extended  delay  between  triggering  and  the  start  of  conduction  could  be  from 

1 .  The  gas  pressure  being  too  high  and/or  electrode  spacing  being  too  great; 

2.  The  voltage  across  the  switch  being  too  low; 

3.  Improper  biasing  on  trigger  electrode; 

4.  The  trigger  pulse  not  having  sufficient  amplitude,  energy,  and/or  dV/dt. 

Items  1  and  2  are  somewhat  related  through  the  dependence  of  the  breakdown  electric  field  on 
pressure,  voltage,  and  electrode  spacing.  We  know  from  both  the  Crowbar  voltage  monitor  and 
the  oscillation  period  of  the  Theta  coil  current  waveform  that  the  voltage  across  the  Crowbar  rail 
gaps  is  typically  very  low  when  they  are  triggered.  Test  shots  at  decreased  switch  pressures 
seemed  to  produce  no  discemable  effect,  so  when  it  was  time  to  clean  the  rail-gap  switches  again 
the  gap  spacing  between  the  rail  electrodes  was  decreased  further  to  0.577  in.  (essentially  to  a 
spacing  appropriate  for  ±  40  kV  operation).  To  make  this  adjustment,  it  was  necessary  to 
increase  the  length  of  the  slots  for  the  bolts  in  the  rail  electrodes.  As  a  starting  point,  the  same 
gap  spacing  was  set  in  all  four  Crowbar  rail  gaps. 

While  the  cleaning  and  re-gapping  were  being  performed,  the  bias  resistors  connected  to  each  of 
the  rail  gap  trigger  terminals  were  also  checked  again  for  any  abnormalities  in  their  values  (Item 
3  in  the  list  above).  The  following  resistances  were  recorded: 

•  CB#1  upper  =  1.64  kQ,  CB#1  lower  =  1.54  kQ 

•  CB#2  upper  =  1.56  kQ,  CB#2  lower  =  1.46  kQ 

•  CB#3  upper  =  1.60  kQ,  CB#3  lower  =  1.52  kQ 

•  CB#4  upper  =  1.80  kQ,  CB#4  lower  =  1.48  kQ 

The  largest  deviation  is  for  rail  gap  #4,  where  the  actual  bias  appears  to  be  55^5  (as  opposed  to 
50-50),  but  this  particular  rail  gap  was  actually  one  of  the  least  problematic  ones  at  the  time. 

Prior  to  resuming  tests,  FRX-L  and  SAIC  personnel  met  with  two  other  LANE  personnel,  Mr. 
William  Hinckley  and  Mr.  Robin  Gribble,  who  have  considerable  experience  in  working  with 
rail-gap  switches.  The  triggering  problems  and  delayed  tum-on  times  were  discussed,  and  Mr. 
Hinckley  pointed  out  several  of  the  same  issues  noted  in  Items  1  through  4  above  as  possible 
causes  of  this  behavior.  Mr.  Gribble  suggested  the  possibility  of  using  air  in  the  switches.  While 
multi-channeling  might  be  reduced,  he  had  found  from  his  experience  that  tum-on  times  for 
switches  could  be  considerably  faster  with  air.  He  also  noted  that  the  inductance  increase  from 
lower  multi-channeling  was  not  terribly  severe  as  long  as  the  channels  that  were  present  were  not 
concentrated  in  one  location.  Mr.  Gribble  stated  that  higher  pressure  combined  with  decreased 
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gap  spacing  for  a  given  voltage  would  further  help  to  improve  tum-on  time  and  reduce  jitter. 
With  these  ideas  in  mind,  it  was  decided  to  perform  a  few  tests  with  air  in  the  rail-gap  switches. 

Table  2  summarizes  results  from  the  16  Main  bank  test  shots  following  the  re- gapping  of  the 
Crowbar  rail-gap  switches.  The  Main-to-CB-#l,  -#2,  -#3,  and  -#4  times  were  determined  based 
upon  the  apparent  starting  times  of  the  Main  bank  and  rail-gap  current  signals  recorded  with  the 
Theta  coil  and  the  individual  Crowbar  Rogowski  coils,  respectively.  A  blank  in  the  table 
indicates  that  the  particular  rail-gap  switch  did  not  conduct  during  the  shot.  As  noted,  the  first 
three  (shots  3861-3863)  were  performed  with  SFe/Ar  in  the  Crowbar  rail  gaps,  as  usual,  and  the 
remaining  shots  (shots  3870-3882)  were  performed  using  compressed  air,  based  upon  Mr. 
Cribble’s  suggestion. 

Table  2.  Delay  times  between  Main-bank  triggering/current  start  and  crowbar 
triggering/current  start  for  several  shots  following  the  crowbar-switch  re-gapping. 


Shot  Num. 

Main 

Vcharge 

(+/-  kV) 

Rail  Gap 
Pressure 

(psi) 

Delay  Gen 
Setting 

(ps) 

Measured 
Delay 
from  Trig 
Monitors 

(ps) 

Main  to 

CB  #1 

(ps) 

Main  to 

CB  #2 

(ps) 

Main  to 

CB  #3 

(ps) 

Main  to 

CB  #4 

(ps) 

Comments 

3861 

25 

9 

3 

3.07 

3.92 

4.137 

3.739 

SF6/Ar  in  rail  gaps. 

3862 

25 

9 

3 

3.044 

4.073 

3.89 

4.073 

3863 

25 

9 

3 

3.036 

4.093 

4.004 

4.183 

3870 

25 

20 

3 

3.039 

4.204 

4.705 

Comp,  air  in  rail  gaps. 

3871 

25 

18 

3 

3.017 

4.711 

3.930 

3872 

25 

16 

3 

3.052 

4.437 

4.463 

3873 

25 

12 

3 

0.532 

0.750 

0.691 

0.573 

0.810 

CB  trig'd  early  by  Main  trigger. 

3874 

25 

12 

3 

3.035 

3.765 

4.392 

3875 

25 

9 

3 

3.012 

4.011 

5.643 

4.654 

3876 

25 

9 

2.5 

2.535 

5.635 

5.127 

9.190 

5.105 

3877 

25 

9 

2 

2.076 

5.020 

5.111 

6.424 

5.038 

3878 

30 

13 

2 

2.021 

4.917 

5.463 

5.167 

3879 

30 

11 

2 

1.968 

5.015 

5.087 

5.395 

4.422 

3880 

30 

11 

1.8 

1.847 

4.830 

4.427 

4.533 

3881 

30 

11 

1.8 

1.883 

5.763 

4.789 

4.349 

CB  voltmeter  on  CB#1  trig  terminal 

3882 

30 

11 

3 

3.074 

3.973 

4.430 

Right  away  it  was  observed  that  Crowbar  rail  gap  #  3  had  trouble  conducting  with  either  gas. 
With  air,  rail  gap  #2  did  not  conduct  until  switch  pressures  were  decreased  to  values  closer  to 
those  typically  used  with  the  SFe/Ar  mixture,  and  even  then  it  failed  to  conduct  at  times.  Rail 
gaps  #1  and  #4  did  consistently  conduct,  however.  It  was  obvious,  therefore,  that  with  a  return 
to  a  uniform  gapping  for  all  four  of  the  rail-gap  switches  the  initial  problem  encountered  with  the 
new  Crowbar  switch  -  that  one  of  the  inner  two  gaps  was  resistant  to  being  triggered  -  had 
returned,  even  though  all  gaps  were  set  at  a  closer  spacing  now.  The  obvious  solution  was  then 
to  try  an  even  smaller  gap  spacing  for  the  inner  two  switches,  and  this  change  was  made 
approximately  a  week  later. 

Other  observations  from  the  data  in  Table  2  are  that  we  did  not  observe  the  faster  tum-on  times 
that  Mr.  Gribble  suggested  we  might  be  able  to  obtain;  rather,  we  still  observed  the  same 
excessive  delays  of  1  ~  2-i-  ps  between  triggering  and  the  start  of  current  conduction.  The  only 
fast  tum-on  time  that  was  observed  was  for  Shot  3873,  during  which  it  was  suspected  that  the 
Main-bank  trigger  caused  the  crowbar  trigger  to  fire  very  early.  In  addition,  the  jitter  in  the 
triggering  of  all  four  of  the  rail  gaps  is  also  quite  high,  as  is  evidenced  by  the  rather  extreme 
variation  in  these  delay  times  for  a  given  rail-gap  switch  from  shot  to  shot.  It  is  possible  that  the 
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gap  spacing  would  need  to  be  deereased  signifieantly  further  and  the  pressure  increased 
aceordingly  to  reach  the  regime  of  operation  that  Mr.  Gribble  deseribed,  but  this  would  not  be 
possible  without  further  lengthening  of  the  bolt  slots  on  the  rail  eleetrodes. 

The  overall  performanee  of  the  Crowbar  rail  gap  switches  was  also  somewhat  poorer  when 
pressurized  with  air.  Though  not  extreme,  the  Theta  coil  Rogowski  indicated  an  increase  in  the 
modulation  of  the  crowbarred  Theta  eoil  current  even  for  shots  when  all  four  rail  gaps  eonducted. 
This  performance  can  be  explained  by  the  expeeted  deerease  in  multi-channeling  when 
pressurizing  the  switehes  with  air. 

For  shots  3881  and  3882  the  Crowbar  voltage  monitor  was  conneeted  to  the  trigger  terminal  of 
Crowbar  rail  gap  #1.  The  voltage  monitor  itself  is  simply  a  known  resistor  with  a  resistanee  (588 
Q)  that  is  large  eompared  to  that  of  either  the  Theta  coil  or  the  Crowbar  switch  when  the 
Crowbar  is  condueting.  The  monitor’s  low- voltage  eonnection  passes  through  the  bore  of  a 
Pearson  eurrent  transformer  (model  110)  that  in  turn  provides  a  measurement  of  the  current 
through  the  known  resistor.  When  this  monitor  resistor  was  plaeed  in  parallel  with  the  1 .54  kQ 
resistanee  of  the  lower  part  of  the  rail  gap  #1  bias  network,  an  equivalent  resistance  of  425.5  Q 
was  obtained.  In  series  with  the  upper  bias  resistanee  of  1 .64  kQ,  a  voltage  division  of  0.26  was 
then  obtained.  Measurements  of  the  “bias”  voltage  during  shots  3881  and  3882  showed  a 
voltage  of  approximately  one-quarter  of  the  total  voltage  applied  aeross  the  Crowbar  switch. 
Though  this  measurement  ended  up  perturbing  the  normal  bias  voltage  somewhat,  it  provided  a 
seeond  verifieation  that  (without  the  monitor  attaehed)  the  bias  voltage  should  indeed  be  eorreet 
on  each  rail-gap  trigger  terminal. 

Thus,  while  this  series  of  tests  verified  the  proper  biasing  of  the  Crowbar  rail-gap  switches  and 
the  benefit  of  having  a  smaller  gap  spacing  for  the  inner  two  switehes,  it  failed  to  provide  any 
insight  into  why  the  delay  between  the  triggering  of  the  Crowbar  rail  gaps  and  the  time  eurrent 
conduction  starts  has  been  so  excessive.  The  inner  two  Crowbar  rail  gaps  were  re-gapped  as 
planned  following  these  tests  to  0.517  in.  (essentially  to  a  spaeing  appropriate  for  ±  35  kV 
operation),  and,  again,  in  the  months  that  followed  all  four  Crowbar  rail-gap  switehes  returned, 
in  general,  to  operating  quite  well.  As  a  result,  investigating  the  triggering  issue  was  moved 
down  in  priority  at  that  time  in  favor  of  coneentrating  on  other  issues  related  to  the  experiment, 
which  will  be  discussed  shortly. 

Most  recently,  however  the  triggering  problem  has  returned  again.  A  rather  involved  solution 
has  been  proposed  by  FRX-L  personnel  for  addressing  it  this  time,  and  SAIC  personnel  have 
been  in  the  proeess  of  designing  the  necessary  hardware  required  for  implementing  this  solution 
and  then  having  that  hardware  fabrieated.  This  potential  solution  attempts  to  inductively  isolate 
the  adjacent  rail-gap  switehes  from  eaeh  other,  and  it  will  be  deseribed  in  greater  detail  in  both 
the  next  sub-section  and  in  the  first  part  of  a  memo  ineluded  in  Appendix  E.  (This  memo  was 
prepared  a  couple  of  months  ago  before  hardware  fabrieation  began  in  order  to  brief  FRX-L, 
AFRL,  and  other  SAIC  personnel  of  the  idea.)  At  the  time  of  the  writing  of  this  report, 
fabrieation  of  the  hardware  has  been  completed  and  delivered  to  the  FRX-L  facility,  and  it  is 
scheduled  to  be  installed  within  the  next  several  days.  Experimental  data  showing  the  level  of 
effeetiveness  of  this  modifieation  to  the  switeh  should  be  available  in  as  little  as  a  week. 
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In  concluding  this  discussion  of  the  FRX-L  Crowbar  switch  triggering  problems,  several 
additional  observations  should  be  noted.  First,  Item  #4  in  the  list  of  possible  reasons  for  the 
excessive  trigger-to-conduction  delay  (insufficient  amplitude,  energy,  and/or  dV/dt  in  the  trigger 
pulse)  still  has  not  been  carefully  examined.  A  scheme  for  attempting  to  correct  the  triggering 
problem  from  this  angle  is  also  briefly  described  in  the  memo  included  in  Appendix  E. 
Furthermore,  since  the  Crowbar  switch  is  now  being  triggered  on  the  falling  slope  of  the  Theta 
coil  current  waveform,  the  voltage  across  the  Crowbar  switch  is  shifting  to  a  negative  polarity 
when  it  is  being  triggered.  This  situation  is  different  from  that  of  the  first  crowbar  switch,  where 
triggering  took  place  just  before  the  current  maximum,  at  a  time  when  the  voltage  across  the 
switch  was  still  positive.  Because  of  this  earlier  triggering  time,  the  crowbar  trigger  system  had 
been  configured  to  provide  a  negative  trigger  pulse  at  that  time,  and  this  has  not  been  changed. 
Thus,  changing  the  trigger  pulse  polarity  is  another  task  that  should  be  kept  under  consideration. 

Also,  SAIC’s  Mark  Babineau  has  recently  pointed  out  two  additional  observations  related  to  the 
FRXL  setup:  1)  spark  gap  switches  having  a  positive  applied  voltage  typically  do  have  more 
jitter  and  must  be  operated  at  lower  pressures  than  switches  with  a  negative  applied  voltage  of 
the  same  amplitude,  and  2)  a  UV  light  source  could  be  introduced  above  each  of  the  rail  gaps  to 
help  reduce  this  jitter  by  stimulating  electron  emission.  Though  switch  pressure  has,  in  fact, 
been  reduced  during  some  of  the  tests,  the  pressure  may  not  have  been  reduced  by  a  sufficient 
amount  or  for  a  sufficient  number  of  tests  to  allow  any  improvement  in  triggering  to  be  observed. 
The  UV  light  source,  like  the  method  of  increasing  the  trigger  pulse  amplitude  described  in 
Appendix  E,  offers  significant  promise  and  would  actually  be  easier  to  implement.  It  is  likely, 
therefore,  that  development  of  a  UV  source  will  be  pursued  first  if  the  inductive  isolation  scheme 
does  not  prove  to  be  totally  effective. 

If  the  positive  polarity  of  the  Main  bank  is  truly  the  issue,  as  a  worst-case  attempt  to  solve  this 
problem,  the  polarities  of  all  of  the  banks  could  be  changed.  In  such  a  case,  the  Main  bank 
would  then  drive  a  negative  current  through  the  Theta  coil,  and  there  would  be  a  negative  applied 
voltage  across  the  Crowbar  switch  when  the  bank  is  first  discharged.  With  this  configuration  the 
FRX-L  experimental  setup  would  then  finally  match  the  original  Crowbar  switch  test  setup  at 
AFRL  in  all  respects. 

Finally,  it  should  be  noted  that  once  FRC  translation  studies  begin,  the  performance  of  the 
Crowbar  switch  and  its  trigger  system  may  no  longer  be  of  particular  concern,  as  the  FRC  will  be 
leaving  the  Theta  coil  region  very  quickly  after  formation  is  completed,  which  is  around  the  time 
of  the  Main  bank  current  peak.  Acceleration  of  the  FRC  should  even  start  while  formation  is  still 
in  the  process  of  occurring.  Thus,  if  one  Crowbar  rail  gap  fails  to  start  conducting,  the  FRC  will 
likely  not  “notice”  the  resulting  increase  in  modulation  in  the  magnetic  field,  as  it  will  have  left 
the  Theta  coil  region  and  moved  into  the  essentially  constant  magnetic  field  of  the  translation 
region.  Only  if  the  modulation  for  some  reason  causes  the  Theta  coil  field  to  drop  below  the 
field  in  the  translation  region  before  the  FRC  has  fully  entered  it  will  this  be  a  problem,  as  the 
FRC  would  then  get  pushed  back  in  to  the  Theta  coil  region. 

3.1.7  Slotted  Bus  Plate  Design  For  Rail  Gap  Inductive  Isolation 

As  was  just  mentioned  above,  the  Crowbar  switch  has  again  in  recent  months  started  exhibiting 
the  triggering  problem  that  has  plagued  it  since  its  installation  on  FRX-L,  whereby  one  or  more 
of  the  rail-gap  switches  are  not  conducting  current  when  the  Crowbar  is  triggered.  A  new  idea  to 
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address  this  problem  has  been  put  forth  by  FRX-L  personnel  and  is  now  in  the  proeess  of  being 
implemented.  This  idea  involves  putting  slots  in  the  Crowbar  switch  bus  work  on  the  hot  side  of 
the  switch  with  the  intension  of  inductively  isolating  the  individual  rail-gap  switches  from  each 
other.  Part  of  the  difficulty  with  getting  the  rail  gaps  to  start  conducting  lies  with  the  low 
voltages  that  are  across  the  Crowbar  switch  when  it  is  triggered.  If  for  some  reason  one  rail  gap 
takes  a  little  longer  to  begin  conducting,  the  start  of  conduction  in  the  gap(s)  adjacent  to  it  will 
then  cause  what  little  voltage  that  was  present  to  collapse,  thereby  preventing  the  slow  rail  gap 
from  ever  breaking  down  and  conducting.  By  putting  slots  in  the  bus  work  and  introducing  a 
measure  of  inductive  isolation  between  the  rail  gaps,  there  should  be  more  time  available  for 
each  gap  to  begin  conducting.  A  Solid  Works®  rendering  of  the  Crowbar  switch  assembly 
illustrating  this  proposed  slotted-bus-plate  concept  is  shown  in  Fig.  50. 


(a)  (b) 


Figure  50.  (a)  Solid  Works®  rendering  of  the  Crowbar  switch  assembly  with  1.27-cm- 
wide  slots  cut  in  the  hot  bus  plates  between  the  rail-gap  switches,  (b)  Close-up  view  near 
one  of  the  rail-gap  switches  to  show  the  slot  more  clearly. 

SAIC  personnel  have  performed  an  analysis  of  the  effects  of  slotting  the  bus  work  and  from  this 
analysis  have  estimated  an  appropriate  length  of  slot  to  insert  both  upstream  and  downstream  of 
the  Crowbar  rail  gaps.  This  analysis  was  outlined  in  a  memo  sent  to  FRX-L,  AFRL,  and  other 
SAIC  personnel  for  their  review,  and  as  was  mentioned  in  the  previous  sub-section  it  is  also 
included  in  Appendix  E  of  this  report.  After  reviewing  the  memo,  FRX-L  personnel  decided  to 
proceed  with  implementing  this  concept.  To  reduce  down  time  on  the  experiment  they  decided, 
however,  that  a  separate  set  of  slotted  bus  plates  should  be  fabricated  rather  than  attempt  to  have 
the  existing  set  modified.  In  this  case,  the  down  time  on  the  experiment  would  be  only  that 
which  is  required  to  change  out  the  bus  plates. 

SAIC  mechanical  engineers  then  began  preparing  detailed  design  drawings  of  the  new  bus  plates 
and  angle  bracket  supports  that  were  required  for  the  Crowbar  switch,  and  an  internal  design 
review  was  held  among  SAIC  personnel  before  presenting  the  final  drawings  to  FRX-L 
personnel.  In  this  design  review,  the  question  was  raised  of  how  much  mutual  coupling  there 
would  be  between  the  plates  and  whether  or  not  a  greater  spacing  (i.e.,  slot  width)  than  0.5  in. 
(1.27  cm)  would  be  needed  between  the  bus  plate  segments  to  reduce  this  coupling  and  ensure 
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that  the  level  of  isolation  required  between  rail  gaps  will  indeed  be  obtained.  A  eouple  of  Quick 
Field  analyses  were  performed  to  answer  this  question.  The  analyses  looked  at  both  the  parallel 
plate  transmission  line  region  leading  up  to  the  Crowbar  switch  and  the  bus  bars  on  each  side  of 
the  Crowbar  rail  gaps.  In  both  cases,  there  did  not  appear  to  be  any  significant  coupling  on  the 
time  scales  that  are  relevant  for  the  FRX-L  experiment  (a  sinusoidal  signal  with  a  3-ps  quarter- 
cycle  rise  time,  approximately  the  same  as  the  Main  bank  quarter-cycle  rise  time,  was  used  in  the 
analysis).  The  results  of  these  analyses  were  described  in  second  memo  that  was  again  sent  to 
FRX-L,  AFRL,  and  other  SAIC  personnel  for  their  review,  and  this  memo  is  included  in 
Appendix  F  of  this  report. 

Following  a  review  of  the  memo  and  the  detailed  hardware  drawings  that  had  been  prepared, 
FRX-L  personnel  then  arranged  for  the  fabrication  of  the  segmented  bus  plate  parts  at  a  local 
machine  shop.  As  has  already  been  mentioned,  the  fabrication  work  was  recently  completed  and 
the  hardware  delivered  to  AFRL’s  Building  322.  Following  an  inspection  and  test  fitting  of  the 
new  hardware  (Fig.  51),  SAIC  personnel  carefully  packed  up  the  bus  plate  pieces  and  transported 
them  to  the  FRX-L  facility,  where  they  will  be  installed  on  the  FRX-L  Crowbar  switch  assembly 
very  soon. 


(a)  (b) 


Figure  51.  Photos  of  (a)  the  bank  side  and  (b)  the  Theta  coil  side  of  the  new  Crowbar 
switch  slotted  bus  work  during  its  test  fitting.  As  is  shown  in  (b),  two  single  rail-gap 
switches  were  set  out  and  spaced  appropriately  to  allow  the  bolt-hole  spacing  and  the  sizes 
of  parts  to  be  checked. 

3.2  IMPLEMENTATION  OF  PASSIVE  MIRROR  CONCEPT 

It  was  concluded  from  tests  on  FRX-L  during  the  fall  of  2005  that  the  FRCs  being  formed  in  the 
experiment  were  accelerating  out  of  the  Theta  coil  region  rather  quickly  after  formation.  (These 
events  were  determined  through  the  use  of  a  six-channel  spectrometer  that  received  light  signals 
from  six  optical  fibers  placed  at  various  positions  along  the  length  of  the  quartz  vacuum  vessel.) 
Thus,  the  short  FRC  “lifetimes”  that  have  been  observed  up  to  this  point  were  not  necessarily  a 
result  of  their  rapid  decay  but  may  have  been  due  simply  to  their  leaving  the  formation  region 
where  they  were  being  diagnosed. 
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As  a  result,  a  plan  was  developed  by  FRX-L  personnel,  with  the  aid  of  a  magnetic  field  analysis 
code  developed  by  a  graduate  student  at  the  University  of  Nevada-Reno,  to  set  up  a  “passive” 
mirror  on  each  end  of  the  Theta  coil  to  increase  the  magnetic  field  strength  at  these  locations  and 
thereby  trap  the  FRC  inside  the  Theta  coil  so  that  it  could  be  diagnosed  for  its  full  lifetime.  Each 
passive  mirror  consisted  simply  of  two  halves  of  a  ring,  approximately  6  cm  in  axial  length, 
which  bolted  onto  the  sides  of  the  outer  Theta  coil  segments.  The  passive  mirror,  therefore, 
derives  its  current  from  the  three  banks  already  driving  the  Theta  coil,  and  a  slightly  smaller  (by 
3  mm)  inner  radius  for  the  rings  provides  the  necessary  increase  in  field  strength  over  that  in  the 
adjacent  Theta  coil.  Figure  52  shows  a  3-D  rendering  and  a  cross-sectional  view  created  by 
SAIC  personnel  using  Solid  Works®  that  illustrate  how  the  mirror  rings  were  to  be  attached  to 
the  Theta  coil.  Figure  53  is  a  close-up  view  highlighting  the  details  of  the  passive  mirror  ring 
bore. 


(a)  (b) 

Figure  52.  (a)  Four-segment  Theta  coil  with  passive  mirror  rings  attached  on  the  outside 
segments,  (b)  Cutaway  view  showing  the  outside  segments  of  both  sides  of  the  Theta  coil 
with  their  mirror  rings. 

In  addition  to  preparing  the  illustrations  in  Figs.  52  and  53,  SAIC  personnel  assisted  the  FRX-L 
team  in  this  effort  by  preparing  the  outer  Theta  coil  segments  so  that  the  mirror  rings  could  be 
attached  (i.e.,  the  necessary  bolt  holes  were  bored  and  tapped  in  the  two  pairs  of  Theta  coil 
segments),  by  ordering  the  copper- shim  stock  needed  for  current-joint  gaskets  between  the 
mirror  rings  and  the  Theta-coil  segments,  and  then  by  helping  with  the  assembly  of  the  passive 
mirror  setup  once  FRX-L  personnel  had  completed  the  fabrication  of  the  mirror  rings. 

Unfortunately,  the  passive  mirrors  did  not  have  the  beneficial  effects  that  were  desired.  While 
computer  modeling  had  showed  that  the  smaller  radius  on  the  mirror  pieces  would  provide  an 
appropriate  increase  in  magnetic  field  at  the  ends  of  the  Theta  coil  to  help  confine  the  FRC,  it  is 
suspected  from  the  poor  results  that  were  obtained  (i.e.,  the  lack  of  any  notable  FRCs  being 
formed)  that  either  the  mirror  fields  may  not  have  been  azimuthally  uniform  after  all  because  the 
width  of  the  feed  from  the  transmission  line  was  not  extended  to  match  the  width  of  the  mirror 
pieces  (and  thereby  feed  the  mirror  pieces  directly)  or  by  moving  the  flux  excluder  plate  and 
Cusp  coils  further  from  the  Theta  coil  to  make  room  for  the  mirror  pieces  a  more  detrimental 
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Figure  53.  Close-up  view  of  one  end  of  the  Theta  coil  showing  the  step  down  in  the  inside 
radius  of  the  mirror  ring.  The  ring  also  has  a  lip  that  extends  inside  the  bore  of  the  Theta 
coil  segment  to  aid  with  centering  the  ring. 

magnetic  field  configuration  was  established.  In  the  case  of  the  former,  the  current  was  left  to 
spread  out  into  the  mirror  pieces  only  after  it  had  first  entered  the  main  Theta  coil  segments,  and 
this  possibly  created  a  low-field  region  in  the  mirror  field  near  the  transmission  line  feed  that 
prevented  the  FRC  from  forming  properly.  In  the  case  of  the  latter,  with  the  flux  excluder  plates 
and  Cusp  coils  further  from  the  Theta  coil,  the  initial  magnetic  null  between  the  Bias  and  Cusp 
fields  may  have  been  too  far  from  the  Theta  coil,  and  the  Bias  and  Main  field  lines  could  not  then 
connect  during  the  Main  field  compression,  again  preventing  the  FRC  from  forming  properly. 

Following  this  series  of  experiments,  FRX-L  personnel  removed  the  mirror  pieces  and 
repositioned  the  Cusp  coils  in  a  configuration  more  closely  resembling  one  in  the  past  that  had 
led  to  good  FRC  formation.  The  0.64-cm  thick  stainless  steel  flux  excluder  plates  were  also 
replaced  at  that  time  with  0.025  cm  copper  sheets  to  not  only  limit  the  penetration  of  the  Main 
field  into  the  Cusp  coils  but  to  also  limit  the  Cusp  field  penetration  into  the  Theta  coil  region. 
With  the  Cusp  field  reduced  in  this  manner,  the  starting  Bias  field  in  the  Theta  coil  region  is  then 
higher,  leading  to  hopefully  a  higher  trapped  flux  in  the  FRC,  and  the  null  is  kept  close  to  the 
desired  location.  Results  to  date  have  indeed  indicated  that  FRCs  are  being  formed  again  and,  at 
least  in  a  few  cases,  with  increased  lifetimes  over  those  observed  in  previous  shots.  Problems 
with  the  Crowbar  switch  triggering  have  made  it  difficult  to  perform  repeatable  shots,  though, 
from  which  the  data  can  be  compared  and  trends  observed. 

3.3  DESIGN  SUPPORT  FOR  FRC  TRANSLATION  EFFORTS 

During  the  periods  of  time  when  the  FRX-L  Crowbar  switch  has  been  performing  well,  the 
efforts  of  the  FRX-L  team  have  concentrated  on  determining  the  various  parameters  and 
conditions  required  to  repeatedly  form  FRCs  with  the  appropriate  MTF  target  characteristics 
(density,  temperature,  trapped  flux,  etc.).  Work  has  also  begun  on  the  design  and  development 
of  the  additional  hardware  needed  to  begin  FRC  translation  experiments  on  FRX-L.  SAIC 
personnel  have  been  able  to  provide  support  to  FRX-L  personnel  in  these  areas  by  performing  a 
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few  analyses  on  some  of  the  eapacitor  bank  designs  that  have  been  proposed  for  the  FRC 
translation  setup. 

The  first  bank  design  proposed  is  actually  a  replacement  for  the  existing  Bias  bank  that  would 
allow  a  higher  Bias  field  to  be  generated  with  a  shorter  pulse  duration.  The  simulations  and 
analyses  performed  on  this  design  concept  are  summarized  in  a  memo  that  was  sent  to  FRX-L 
personnel,  which  is  also  included  in  Appendix  G  of  this  report.  The  second  bank  design  concept 
would  be  used  for  driving  the  Guide  and  Mirror  field  coils,  and  this  analysis  was  similarly 
summarized  in  a  memo  sent  to  FRX-L  personnel  and  is  included  in  Appendix  H  of  this  report. 

In  brief,  both  design  concepts  center  upon  using  a  PFN  architecture  for  the  banks.  In  the  Bias 
bank  concept  the  Theta  coil  would  be  the  load  for  the  PFN,  and  other  than  needing  to  make 
appropriate  voltage  stand-off  provisions  to  prevent  the  Main  bank  voltage  from  flashing  over  the 
Bias  bank  bus  work  the  design  appears  quite  feasible.  The  second  design  concept  initially  called 
for  using  the  Guide  and  Mirror  coils  as  the  stage  inductances  in  the  PFN.  Subsequent  analyses 
revealed  an  inherent  problem  with  this  concept  in  that  the  currents  are  not  uniform  in  all  of  the 
inductors  in  a  PFN;  thus  the  Guide  magnetic  field  would  not  be  uniform  along  the  FRC 
translation  region  unless  other  special  provisions  were  made.  As  was  mentioned  in  Section  2.6, 
FRX-L  project  manager  Dr.  Tom  Intrator  has  commissioned  two  other  LANL  personnel,  Mr. 
Robin  Gribble  and  Mr.  William  Reass,  to  explore  other  possible  pulsed  power  driver  design 
variations  for  the  Guide  and  Mirror  field  coils,  and  we  will  likely  make  use  of  their  design  efforts 
when  building  up  the  FTX  Guide  and  Mirror  banks. 
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4.0  PUBLICATIONS  AND  PRESENTATIONS 


During  the  period  of  performance  on  Task  Order  36,  SAIC  personnel  have  had  the  opportunity  to 
give  a  couple  of  presentations  and  prepare  one  conference  paper  describing  the  work  related  to 
the  MTF-FRC  project.  The  first  presentation  was  given  at  the  15th  IEEE  International  Pulsed 
Power  Conference,  which  was  held  in  Monterey,  CA  June  14-17,  2005.  The  presentation  given 
there  was  a  poster  describing  the  proposed  design,  progress,  and  goals  for  the  AFRL  FTX/F- 
LINCX  experiment.  There  seemed  to  be  a  fair  level  of  interest  in  this  project  at  the  conference, 
not  only  because  of  the  pulsed  power  systems  that  were  described  in  the  presentation,  but  also 
because  of  the  plasma  physics  areas  (FRCs  and  fusion  energy)  in  which  we  are  working.  The 
conference  paper  was  submitted  at  this  time,  as  well,  and  will  appear  in  the  published 
proceedings  from  the  conference. 

The  second  presentation  was  again  a  poster  presentation  and  was  given  more  recently  at  the  2006 
Innovative  Confinement  Concepts  Workshop  held  in  Austin,  Texas  February  13-15.  The 
presentation  given  at  this  meeting  was  somewhat  similar  to  that  prepared  for  the  Pulsed  Power 
Conference  in  that  its  primary  focus  was  the  design  of  the  AFRL  FTX  experiment  and  its 
proposed  integration  with  the  Shiva  bank  for  FRC  compression-heating  (F-LINCX)  experiments. 
The  slides,  however,  had  been  updated  to  reflect  the  present  status  of  both  the  design  efforts  and 
the  hardware  assembly,  and  several  photos  showing  the  new  hardware  in  the  Building  322  bay 
were  added. 
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5.0  SUMMARY  OF  PRESENT  WORK  AND  FUTURE  PLANS 


In  closing,  the  efforts  of  SAIC  and  its  sub-eontraetors,  NumerEx  and  FabTek,  Ine.,  under  Task 
Order  36  have  covered  a  wide  range  of  areas  related  to  the  MTF-FRC  researeh  programs  at  both 
LANE’s  FRX-L  faeility  and  at  AFRL’s  Building  322.  A  significant  portion  of  the  FTX 
experimental  hardware  has  been  designed  now,  and  a  smaller  yet  still  significant  portion  has 
been  fabricated  and/or  assembled  in  the  Building  322  high  bay.  Two  Z-pinehed  deformable 
contact  liner-on-vacuum  validation  experiments  were  performed,  both  of  which  yielded 
extremely  promising  results.  Such  a  liner  configuration  was  found  to  implode  very  uniformly 
and  should  be  able  to  adequately  compress  an  FRC  in  our  proposed  eompression-heating 
experiments.  Design,  fabrieation,  and  assembly  of  an  improved  FRX-L  Main  bank  Crowbar 
switch  was  also  accomplished,  and  tests  with  the  switeh  have  shown  that  it  performs  extremely 
well  with  a  dramatieally  reduced  amplitude  modulation  being  indueed  on  the  erowbarred  Theta 
coil  current  waveform. 

There  is  still  much  work  to  be  done,  however,  and  this  will  be  the  focus  of  the  work  performed 
on  the  new  MTF-FRC  Task  Order  under  the  DETAR  contract.  This  work  includes  starting  the 
initial  FTX  pulsed  power  tests  within  the  next  several  weeks  at  AFRL,  as  soon  as  diagnostic  and 
fiber  optie  trigger  lines  ean  be  set  in  plaee.  Design  work  on  the  support  framework  for  the 
vacuum  stand,  as  well  as  procurement  of  eomponents  for  the  vacuum  system  itself,  will  begin 
very  soon,  along  with  assembly  of  the  control  system.  As  work  in  these  areas  progresses,  efforts 
to  eomplete  the  assembly  of  the  Bias  and  PI  banks  will  then  be  accelerated  so  that  FRC 
formation  experiments  ean  begin  as  soon  as  the  vacuum  system  comes  on  line.  The  design  and 
layout  of  the  magnetic  field  coils  needed  for  FRC  translation  are  already  being  eonsidered  by 
FRX-L  personnel  (with  AFRL  and  SAIC  personnel  assisting),  and  similar  coils  and  the  neeessary 
banks  to  drive  them  must  eventually  be  fielded  on  FTX,  as  well.  Ultimately,  we  hope  to  perform 
several  FRC  compression-heating  experiments  with  the  Shiva  Star  bank  by  the  end  of  the  period 
of  performanee  for  this  next  Task  Order,  demonstrating  that  we  ean  aehieve  MTF -relevant 
plasma  densities  (n  ~  lO'^  cm'^)  and  temperatures  (T  ~  several  keV)  in  such  experiments. 

With  regard  to  the  FRX-L  Crowbar  switeh,  while  the  switch  itself  has  been  observed  to  perform 
well,  unfortunately  the  triggering  problems  experienced  by  the  first  Crowbar  switeh  still  remain, 
and  in  some  respeets  these  problems  are  affecting  the  performanee  of  the  new  switeh  more 
severely.  As  has  been  noted,  the  triggering  problem  must  be  resolved  so  that  the  “stationary” 
FRC  eharacterization  studies  at  FRX-L  do  not  continue  to  be  hindered.  The  addition  of  the 
slotted  bus  work  on  the  Crowbar  switch  should  help  to  mitigate  this  problem,  but  if  it  is  not 
suffieient  or  if  problems  persist  despite  the  new  bus  work,  the  ideas  suggested  at  the  end  of 
Seetion  4. 1 .6  ean  be  explored,  and  imminent  tests  with  the  FTX  Main  bank  and  Crowbar  switch 
can  also  be  used  to  help  address  this  problem.  In  addition,  efforts  ean  be  shifted  toward 
beginning  FRC  translation  studies  more  quiekly,  at  which  point  the  performanee  of  the  Crowbar 
switch  and  its  trigger  system  may  no  longer  be  a  coneem  because  the  FRC  will  be  promptly 
leaving  the  Theta  eoil  region  after  its  formation.  SAIC  personnel  will  eontinue  to  help  with  the 
design  work  on  FRX-L  translation  setup,  as  needed,  and  will  also  eontinue  to  support  the  FRX-L 
work  in  the  areas  of  operations,  diagnostie  setup,  maintenanee,  and  system  troubleshooting. 
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APPENDIX  A.  INVENTORY  OF  HARDWARE  AVAILABLE  FOR  THE 
AFRL  FRC  FORMATION  AND  TRANSLATION  EXPERIMENT 


System 

Los  Alamos  has  on  FRX-L 

We  have  in-house 

We  will  need  to  borrow/buy/fabrieate 

Bias  Bank 

Four  500-|iF,  10-kV  capacitors 

Bus  hardware,  w/  cable  header 

Two  Class-D  (?)  ignitrons 

One  NorthStar  Ingitron  trigger  unit 
-lOkV  Spellman  power  supply 

Jennings  switch  for  soft  dump 

Jennings  switch  for  charging 

Four  pneumatic  switches  for  hard  short 

Several  pH  inductor  for  bank  isolation 

RG-214  (?)  cables,  bank  to  inductor 

-Twelve  RG-17/14  cables,  inductor  to  theta  coil  header 

Two  modules  of  fifteen  170pF,  10-kV  capacitors 

Some  bus  hardware 

RG-214  cable 

RG-17/14  cable 

Cable  header 

Ignitrons 

Ignitron  trigger  unit(s) 

10-kV  power  supply 

Jennings  switches 

Pneumatic  switches  (or  Ross  relays) 

Several  pH  inductor  for  bank  isolation 

More  RG-214  cable 

Cusp  Bank 

From  two  to  sixteen  500-pF,  10-kV  capacitors 

Bus  hardware,  w/  cable  header 

From  one  to  eight  Class-D  (?)  ignitrons 

One  LANL-developed  Ingitron  trigger  unit 

10-kV  Peter-Dahl  power  supply 

Jennings  switch  for  soft  dump 

Jennings  switch  for  charging 

_ pneumatic  switches  for  hard  short 

RG-214  (?)  cables,  bank  to  Cusp  coils 
(two  cables  for  each  pair  of  capacitors) 

One  module  of  fifteen  170pF,  10-kV  capacitors 

Some  bus  hardware 

RG-214  cable 

Cable  header 

Ignitrons 

Ignitron  trigger  unit(s) 

10-kV  power  supply 

Jennings  switches 

Pneumatic  switches  (or  Ross  relays) 

More  RG-214  cable 

Guide  Coil  Bank 

(Not  assembled  yet) 

One  module  of  fifteen  170pF,  10-kV  capacitors 

Some  bus  hardware 

Cable  header 

Ignitrons 

Ignitron  trigger  unit(s) 

10-kV  power  supply 

Jennings  switches 

RG-214  cable 

Pneumatic  switches  (or  Ross  relays) 

More  RG-214  cable 

Translation-End 

Mirror  Bank 

(Not  assembled  yet) 

Thirty+  170pF,  10-kV  capacitors  in  storage 

Bus  hardware  and  cable  header 

Ignitrons 

Ignitron  trigger  unit(s) 

10-kV  power  supply 

Jennings  switches 

RG-214  cable 

Pneumatic  switches  (or  Ross  relays) 

More  RG-214  cable 

PI  Bank 

Two  1.35-pF,  100-kV  capacitors 

Bus  hardware,  w/  cable  header 

One  Atlas-style  rail-gap  switch 

Trigger  board  and  components  for  rail  gap 

One  40'  RG-218  trigger  cable 

Maxwell  40151-B  100-kV  trigger  generator 

Maxwell  40168  50-kV  trigger  generator 

Length  of  RG-214  from  40168  to  40151 

Length  of  6-conductor  cable  from  40168  to  40151 
+70kV  Spellman  power  supply 

Jennings  switch  for  soft  dump 

Jennings  switch  for  charging 

One  (or  two)  pneumatic  switches  for  hard  short 

-Twelve  RG-17/14  cables,  bank  to  theta  coil  header 

A  number  of  L35-pF  and  2.1-pF,  100-kV  capacitors 

One  Atlas-style  rail-gap  switch  w/  vertical  flashguard 
Trigger  board  components 

RG-218  cable 

One  Shiva-style  trigger  unit  and  one  100-kV 

UV  power  supply  available  (supply  condition  unknown) 

Brand  new  40168  available 

RG-214  cable 

RG-17/14  cable 

Bus  hardware,  w/  cable  header 

Trigger  board  (acrylic) 

Controller  for  UV  power  supply 

More  RG-214  cable 

60-80  kV  power  supply 

Jennings  switches 

Pneumatic  switches  (or  Ross  relays) 
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System 

Los  Alamos  has  on  FRX-L 

We  have  in-house 

We  will  need  to  borrow/buy/fabrieate 

Main  Bank 

One  Shiva-type  module 

Three  Shiva-type  modules  from  Formation  bank 

(twenty-four  6-pF,  60-kV  capacitors) 

(twenty-four  6-pF,  60-kV  capacitors  each) 

Bus  hardware,  w/  cable  header 

Bus  hardware  (three  sets)  and  cable  header  (one) 

Cables  headers,  if  more  than  one  module  used 

Quad  set  of  Atlas-style  rail-gap  switches 

Quad  set  of  Atlas-style  rail-gap  switches  on  each  module 

Trigger  hoard  and  components  for  the  four  rail  gaps 

Trigger  board  and  components  for  each  module 

Four  40'  RG-218  trigger  cables 

Four  40'  RG-218  trigger  cables  for  each  module 

Maxwell  40151-B  100-kV  trigger  generator 

Shiva-style  trigger  unit  w/  external  100-kV  supply 

Maxwell  40168  50-kV  trigger  generator 

Planar  Triode  Pulser  63452 

Length  of  RG-214  from  40168  to  40151 

RG-214  cable 

More  RG-214  cable 

Length  of  6-conductor  cable  from  40168  to  40151 

+60  kV  and  -60kV  power  supplies 

+60  kV  and  -60kV  power  supplies 

Jennings  switch  for  soft  dump 

Ross  relays  (?)  for  soft  dump 

Jennings  switch  for  charging 

Ross  relays  (?)  for  charging 

Pneumatic  switches  for  hard  short 

Pneumatic  switches  (or  Ross  relays) 

Forty  RG-17/14  cables,  bank  to  theta  coil  header 

RG-17/14  cable 

Crowbar  Switch 

Quad  set  of  Atlas-style  rail-gap  switches 

Four  separate  Atlas-style  rail-gap  switches 

Bus/support  hardware 

Bus/support  hardware 

Trigger  board  and  components  for  the  four  rail  gaps 

Trigger  board  components 

Trigger  board  (acrylic) 

Four  40'  RG-218  trigger  cables 

RG-218  cable 

Maxwell  40151-B  100-kV  trigger  generator 

100-kV  UV  power  supply  available,  condition  unknown 

Shiva-style  trigger  unit  and  controller  for  UV  supply 

Maxwell  40168  50-kV  trigger  generator 

Two  40168's  available,  condition  unknown 

Length  of  RG-214  from  40168  to  40151 

RG-214  cable 

More  RG-214  cable 

Length  of  6-conductor  cable  from  40168  to  40151 

Vacuum  Vessel 

Two  mechanical  roughing  pumps 

One  dry-scroll  mechanical  pump 

One  mechanical  pump  (dry  scroll?) 

One  turbo  pump  and  controller 

One  turbo  pump  and  controller 

Three  (or  more)  pneumatically  controlled  gate  valves 

Two  large,  two  small  pneumatically  controlled  valves 

Deuterium  plenum 

Deuterium  plenum 

Pneumatically  controlled  valves,  filling/venting  plenum 

Pneumatically  controlled  valves,  filling/venting  plenum  | 

Three  (?)  low-vacuum  gauges  and  controller 

Two  (?)  high-vacuum  gauges  and  controller 

Four  full-range  gauge  heads,  two  controllers 

PLC  controller  for  vacuum  system 

PLC  controller  for  vacuum  system 

PC  running  Lab  VIEW  w/  ethemet  link  to  PLC 

PC  running  Lab  VIEW  w/  ethemet  link  to  PLC 

Lab  VIEW  control  program 

Lab  VIEW  control  program 

Quartz  tube 

Quartz  tube 

Various  other  vacuum  fittings 

Variety  of  vacuum  fittings 

Other  Load 

Four  theta  coil  segments 

Four  theta  coil  segments 

Hardware 

Short  parallel  plate  transmission  line 

Short  parallel  plate  transmission  line 

Fan  cable  header 

More  compact  cable  header 

Twenty  cusp/guide/mirror  coils 

Many  cusp/guide/mirror  coils 

Support  frame 

Support  frame 

Control  System 

PC  running  Lab  VIEW 

PC  mnning  Lab  VIEW 

Lab  VIEW  control  program 

Lab  VIEW  Control  Program 

PXI  crate  with  digital  and  analog  I/O  boards 

PXI  crate  with  digital  and  analog  I/O  boards 

Fiber  optic  link  between  PC  and  PXI  crate 

Fiber  optic  link  between  PC  and  PXI  crate 

Fiber  optic  fransmitters/receivers 

Fiber  optic  fransmitters/receivers 

Small  air  solenoids  (also  for  control  signals) 

Small  air  solenoids  (also  for  control  signals) 

Voltage-to-frequency  &  frequency-to-voltage  converters 

Voltage-to-frequency  &  frequency-to-voltage  converters 

Fiber  optic  cable 

Fiber  optic  cable 

Flexible  air  lines  (for  control  signals) 

Flexible  air  lines  (for  control  signals) 
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APPENDIX  B.  PRELIMINARY  LIST  OF  CONTROL  AND  STATUS 
SIGNAL  LINES  REQUIRED  BY  THE  FTX  CONTROL  SYSTEM 


AFRL  MTF  Control  System  Details 

Digital  Outputs  from  Control  System 

Channel 


Number 

Signal  Name 

Signal  Type 

1 

Main  bank  ground  lift 

air  signal  line 

2 

Main  bank  hard  short 

air  signal  line 

3 

Main  bank  dump  switch 

air  signal  line 

4 

Main  bank  +/-  charge  switch 

air  signal  line 

5 

Main  bank  contactor  (start  charge) 

air  signal  line 

6 

Main  bank  charge  cable  ground  lift 

air  signal  line 

7 

Main  bank  trigger  HV 

air  signal  line 

8 

Main  bank  rail  gap  flush  enable 

air  signal  line 

9 

Crowbar  trigger  HV 

air  signal  line 

10 

Crowbar  rail  gap  flush  enable 

air  signal  line 

11 

PI  bank  ground  lift 

air  signal  line 

12 

PI  bank  hard  short 

air  signal  line 

13 

PI  bank  dump  switch 

air  signal  line 

14 

PI  Spellman  S3  (Control  power  on) 

air  signal  line 

15 

PI  Spellman  S 1  (HV  enable)  and  charge  switch 

air  signal  line 

16 

PI  Spellman  HV  on  (S2) 

air  signal  line 

17 

PI  bank  charge  cable  ground  lift 

air  signal  line 

18 

PI  bank  trigger  HV 

air  signal  line 

19 

PI  bank  rail  gap  flush  enable 

air  signal  line 

20 

Rail  gap  flush  command 

air  signal  line 

21 

Bias  bank  ground  lift 

air  signal  line 

22 

Bias  bank  hard  short 

air  signal  line 

23 

Bias  bank  dump  switch 

air  signal  line 

24 

Bias  CCDS  remot  control  power  on  (DB25-8) 

air  signal  line 

25 

Bias  CCDS  HV  enable  (DB25-7)  and  charge  switch 

air  signal  line 

26 

Bias  CCDS  HV  on  (DB25-4) 

air  signal  line 

27 

Bias  bank  charge  cable  ground  lift 

air  signal  line 

28 

Bias  bank  trigger  HV 

air  signal  line 

29 

Cusp  bank  ground  lift 

air  signal  line 

30 

Cusp  bank  hard  short 

air  signal  line 

31 

Cusp  bank  dump  switch 

air  signal  line 

32 

Cusp  bank  charge  switch 

air  signal  line 

33 

Cusp  bank  charge  cable  ground  lift 

air  signal  line 

34 

Cusp  bank  trigger  HV 

air  signal  line 
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Digital  Outputs  from  Control  System  (Cont.) 
Channel 


Number 

Signal  Name 

Signal  Type 

35 

Guide  bank  ground  lift 

air  signal  line 

36 

Guide  bank  hard  short 

air  signal  line 

37 

Guide  bank  dump  switch 

air  signal  line 

38 

Guide  bank  charge  switch 

air  signal  line 

39 

Guide  bank  charge  cable  ground  lift 

air  signal  line 

40 

Guide  bank  trigger  HV 

air  signal  line 

41 

Mirror  bank  ground  lift 

air  signal  line 

42 

Mirror  bank  hard  short 

air  signal  line 

43 

Mirror  bank  dump  switch 

air  signal  line 

44 

Mirror  bank  charge  switch 

air  signal  line 

45 

Mirror  bank  charge  cable  ground  lift 

air  signal  line 

46 

Mirror  bank  trigger  HV 

air  signal  line 

47 

Peter-Dahl  contractor  (charge  Cusp,  Guide,  and/or  Mirror) 

air  signal  line 

48 

Command  trigger 

air  signal  line 

49 

Close  gate  valve 

air  signal  line 

Digital  Inputs  to  Control  System 

Channel 

Number 

Signal  Name 

Signal  Type 

1 

North  personnel  door 

copper  line 

2 

East  bay  double  doors 

copper  line 

3 

South  sliding  door 

copper  line 

4 

South  personnel  double  doors 

copper  line 

5 

West  sliding  door 

copper  line 

6 

Shiva  scram-shorting  stick  interlock  chain 

copper  line 

Analog  Inputs  to  Control  System 

Channel 

Number 

Signal  Name 

Signal  Type 

1 

Main  bank  positive  charge  voltage 

fiber  optic  V-to-F 

2 

Main  bank  negative  charge  voltage 

fiber  optic  V-to-F 

3 

PI  bank  charge  voltage 

fiber  optic  V-to-F 

4 

Bias  bank  charge  voltage 

fiber  optic  V-to-F 

5 

Cusp  bank  charge  voltage 

fiber  optic  V-to-F 

6 

Guide  bank  charge  voltage 

fiber  optic  V-to-F 

7 

Mirror  bank  charge  voltage 

fiber  optic  V-to-F 
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APPENDIX  C.  PULSED  POWER  DIAGNOSTICS  AND  TRIGGERS 
REQUIRED  FOR  FTX 

Table  C.l.  Pulsed  Power  Diagnostics  for  the  FTX  banks  and  Theta  coU. 


Bank/Comnonent 

Diagnostic  List 

- -  Channels 

Main  Bank 

Rogowski  eoil  to  measure  total  bank  current  3 

Trigger  Monitor  (small  Rogowski)  on  at  least  one 
trigger  cable 

Crowbar  Switch 

Planar  triode  Sync  Out 

Rogowski  coil  for  each  crowbar  rail  gap  (4  total)  7 

Trigger  Monitor  (small  Rogowski)  on  at  least  one 
trigger  cable 

Voltage  monitor  across  crowbar  (CVR  and 

Pearson) 

Fiber  optic  array  to  view  gap  ehanneling 

40168  Syne  Out 

Theta  Coil  Assembly 

2  Rogowski  coils,  CW  and  CCW,  to  measure  5 

current  into  eoils 

Pre-Ionization  (PI)  Bank 

Faraday  rotation  diagnostic  (2  channels) 

Voltage  monitor,  eapacitive  or  resistive 

Rogowski  eoil  to  measure  bank  eurrent  4 

Trigger  Monitor  (small  Rogowski)  on  trigger  cable 

Voltage  monitor  at  cable  header  (?) 

Bias  Bank 

40168  Syne  Out 

Pearson  or  Rogowski  eoil  to  measure  bank  current  2 

Voltage  monitor  between  bank  and  isolation 
inductor  (?) 

Cusp  Bank 

Guide  Bank 

Mirror  Bank 

Pearson  or  Rogowski  eoil  to  measure  bank  current  1 

Pearson  or  Rogowski  eoil  to  measure  bank  current  1 

Pearson  or  Rogowski  eoil  to  measure  bank  current  1 

Up  to  24  data  channels  are  estimated  for  the  FRC  formation  and  translation  experiment  (FTX). 
For  initial  tests  with  the  Main  bank,  Crowbar  switch,  and  Theta  coils,  15  data  channels  will  be 
reeorded  (shown  in  red). 

Table  C.2.  FTX  triggers  and  possible  delay  generator  channels. 

Main  bank  Possible  diagnostics: 


Crowbar  switch 

Pre-Ionization  (PI)  bank 

Bias  bank 

Cusp  bank 

Guide  bank 

OMA(s) 

Spectrometer(s) 

Framing  eamera(s) 

Others? 

Mirror  bank  Screen  room  seopes 

Triggers  for  initial  tests  are  shown  in  red. 
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APPENDIX  D.  SLIDE  SUMMARY  DESCRIBING  THE  CHANGES  MADE 
IN  THE  NEW  FRX-L  CROWBAR  SWITCH  DESIGN 


Suniinaty  of  Changes  to 
FRX-L  Crowbar  Switch 


1D Jan  2:05 


1 


Orisinal  Crowbar  Switch  Tested  With  40  iiH  Load 

■w 

*  .Anticip  ated  Tlieta  Coil  L  Vi  t?  36  uE 

*  Modnlarioa  Ob&erred  Duiiiig  Testing  ^^  a^  '-2 1  % 


-  afi  kV;  Cri™iiw  felny  I  H  uu 

[jL'iail  liiiltii:Ld(ni:4:  ii}! 


— XFmBnrk  I’hnrtn 

- CBOttlMta  ■nciciil 

Tlnia  Coii  Ourmi 


1D  Jan  2U}b 


141  15  20  2S  30  .^5  44>  45  50 

TEJtIr  4tb.> 


2 
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Modulation  Obsen'ed  on  FRX-L  Was  Much  Greater 

^\ctlla3  rbe:a  CoU  Luductaojce  closer  to  24  uH 

^Thi&  in-created,  buc  ooly  to  -'3 1  uH.  at  fliL\  escliider  pfatet  were  moved  away 
frcm  coilt 

fRA‘L  ShiHt  U29 


Timi:  (is) 


1 D  Jan 


Inductance  in  Ci'owbar  switch  conies  ftoin  two 
sources: 

-  Volume  enclosed  by  current  path 

-  ‘'Qualiw  '  of  multi -channeling  in  rail- gap  switches 


iDJan2i:<]&  4 
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Equivalent  Circuit: 


l_£iWw«ii 


\  k"*Nii 


;id 

Ibcb  4Iidi 


^  C  iureut  iu  Maici  Bank  loop 
mduce&  voltage  across 
crowbar  &v\itdi  (V-  =  L  dl  dt) 
^  Crowbar  inductance 

comparable  to  Lrau^mi&^ion 
line  and  ±eta  coil  iuductauce 

^  bidiiced  voltage  urom  Main 
bank  ii  able  to  ^ignificautly 
modulate  theta  coil  ciurent 

1D  Jan  2ra5 


Caicitlated  Theta  Coil  Curreiit: 

Mam  bank  -I-/-  35  kV,  tng  1 16.45  |ls 
Bia^  bank  -  7  tV,  -jig  0 
PI  bank  -  53  kV.  trig  it  1  lO.S 
Crowbar,  trig  fa:  119.2 


*■ 
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C  iuTent  Paths;  in  New  Cl’owbar  Switch 


Indiicrmce:;  due 
to  Yohmio  are: 


L  =  5  nH 


Io7al  of  uH  ]j.i  Aftjrw  b^nkhop; 

-A  J  w  Tnein  coil  loop.  7?je  Them  coil  and 

XIoin  bank  hope  mductanco  no  J7in=e  am 
shared  \olume. 

1D  Jan  2U}b 


L  =  24.7  nH 


I  Initial 


& 

xl 


Equivalent  Circuit: 


Cn-raic  in  yUm  Eaiil-:  Loop  ^lill 
mduces  ToltiEE  azioss  crowbar 
swiTcb.  0"'  =  L  dl  di} 

Cre-wbar  iaducTaELze-  hdw 
ELsaifiraaclY  L&e  s  tiaa 
uansmis-E-isMi  linE  and  theta  roil 
LDdi::ancE 

IntlncEd  voLta  He  fiom  Mazii  baj± 
bni-  minnuaJ  effacr  DLL±eta  coil 
cmrEnt  wai  E  EhapE 

1D  Jan  21105 


Cakiilated  Theta  Coil  CinTeat: 

Mam  baui:  35  kV,  tng  1 16.45  its 
Bia^  bank  -  7  tV,  zd^  a,  0 
PI  bjmk  -  53  kV.  trig  a  1  lO.S 
Crowbar,  [rig  fa';  119.2  ids 


rn^rm 
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*  Note  that  e’^en  though  there  are  no  shared  volumes 
between  the  Main  bank  and  Theta  coil  loops,  the 
cuiTent  path  through  the  rail  gaps  is  not  a  uniform 
sheet.  Thus,  there  will  still  be  some  coupling.  J. 
Parker,  t^'ho  has  performed  these  circuit  simulations, 
has  tried  to  include  the  effects  of  this  coupling  in  the 
simulations  (the  k  =  0.42). 


1DJ3n2[<]&  3 


"Quality'’  of  Miilti-Cliamieling  in  Crowbar  Rail  Gaps 
Also  Affects  Switch  Inductance 


I  jiaii  f.'ilrri^il'  VVavip^innK  Fur  DfffrriFni 


C'lYm  bdr  Dtkj-i 


Tuil# 

1D  Jan  SMS  10 
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Ill  the  tests  above,  the  ci'owbai  was  triggered  at  vaiyiiig 

tiiuei  before  ciirrent  peak  (at  ^2.9  Lis)  => 

-  Modulation  increased  as  nigger  time  approached 
current  inaximuiii 

-  Voltage  across  rail  gaps  also  decreased,  of  course, 
closer  to  cuiTent  maxinitmi 

-  Multi -chaime ling  was  likely  poorer  with  trigger  at 
lower  voltages 


1DJ3n2[:<]&  11 
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»  Theta  coil  mdnctmce  24  liH  (black)  3 1  iiH  l3?lue) 
=>  Modiiladoa  ampdtiidje  rehn^  ely  uucbaosed 

|k  4  at  »7Pai 
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The  circuit  sinnilatioii  plots  above  suggest  that 
because  of 

—  the  increase  in  the  inductance  downstream  from  the 
crowbar  switch  and 

—  the  elimination  of  all  shared  volumes  (coupled 
inductances)  between  the  Main  bank  and  Theta  coil 
current  loops, 

The  new  cro'U'bar  switch  is  more  insensitive  to 
chanses  in  Theta  coil  inductance  and  the  effects 
of  the  quality  of  the  multi-chamieling  in  the  rail 
gaps. 
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APPENDIX  E.  ANALYSIS  FOR  ESTABLISHING  BETTER  ISOLATION 
AND/OR  BETTER  TRIGGERING  BETWEEN  THE  FRX-L  CROWBAR 
RAIL  GAPS 

E.1  DESCRIPTION  OF  THE  PROBLEM 

Though  the  performance  of  the  new  Crowbar  switch  has  been  exceptional  in  terms  of  the 
improved  current  waveform  in  the  Theta  coil  load,  it  still  suffers  from  the  triggering  problems 
that  the  old  Crowbar  switch  had,  as  well  as  an  increased  level  of  difficulty  in  initiating  current 
conduction  in  all  four  rail-gap  switches;  that  is,  quite  often  only  three  of  the  four  rail-gap 
switches  will  conduct  during  a  given  FRX-L  shot.  The  rail  gap  that  fails  to  conduct  varies  with 
each  cleaning  cycle  and  often  with  each  shot.  If  a  particular  switch  is  persistently  not  conducting 
during  shots  re-cleaning  the  rail  gaps  will  help  it  to  begin  conducting  again,  but  often  another 
rail-gap  switch  will  then  fail  to  conduct.  Prior  to  decreasing  the  gap  spacing  of  the  inner  two 
switches  in  the  quad  assembly,  it  would  typically  be  gap  #2  or  #3  (the  inner  two  rail  gaps  in  the 
assembly)  that  would  fail  to  conduct  current;  now  any  of  the  four  seems  to  have  an  equal 
likelihood  of  not  conducting. 

We  know  that  the  voltage  across  the  Crowbar  switch  is  low  when  it  is  triggered.  The  triggering 
problem  that  affected  to  old  Crowbar  switch  also  appears  to  be  present  with  this  new  switch,  and 
prevents  it  from  being  reliably  triggered  at  earlier  times  when  the  voltage  would  be  higher.  We 
also  know  from  trigger  monitors  and  Crowbar  Rogowski  coils  that  there  is  a  significant  delay 
(lOO’s  nanoseconds  to  microseconds)  between  when  the  Crowbar  is  triggered  and  when  the  rail 
gaps  actually  begin  conducting  current. 

It  has  been  suggested  that  the  reason  a  given  rail  gap  may  fail  to  conduct  is  because  its  neighbors 
start  conducting  slightly  earlier,  causing  the  voltage  to  collapse  completely  across  the  non¬ 
conducting  rail  gap  and  thereby  preventing  it  from  ever  starting  conduction.  This  memo  looks  at 
slotting  the  hot  bus  plates  of  the  Crowbar  switch  to  provide  a  margin  of  inductive  isolation 
between  the  individual  rail  gaps.  A  possible  scheme  for  increasing  the  amplitude  of  the  trigger 
pulse  to  initiate  the  breakdown  in  each  rail-gap  switch  more  quickly  (and  therefore  more 
reliably)  is  also  discussed.  Having  a  higher  trigger  voltage  may  help  to  compensate  for  the  low 
voltages  at  which  the  Crowbar  switch  is  operating. 

E.2  SLOTTING  OF  BUS  PLATES 

Main  Bank  Closing  Switch  Geometry  -  There  have  rarely  been  any  difficulties  with  getting  the 
rail  gaps  in  the  Main  bank  closing  switch  to  conduct.  Of  course,  there  is  the  full  Main  bank 
voltage  across  them  when  they  are  triggered,  but  the  upper  and  lower  hot  bus  plates  also  have 
separate  tabs  which  extend  toward  the  switch  to  make  contact  with  the  rail  gaps  (Fig.  El).  It  is 
likely  that  the  plate  is  contoured  the  way  it  is  to  gradually  direct  current  from  the  upper  and 
lower  modules  into  the  switch,  however  the  resulting  cutouts  between  the  rail  gaps  may  also 
serve  to  inductively  isolate  the  individual  rail  gaps.  The  inductive  isolation  then  slows  the  time  it 
takes  for  the  voltage  collapse  across  one  rail-gap  switch  to  be  “noticed”  by  its  neighbors. 

To  attempt  to  quantify  the  level  of  isolation,  a  calculation  was  made  of  how  quickly  a  wave  (that 
of  the  collapsing  voltage  across  one  of  the  rail  gaps)  would  propagate  to  an  adjacent  rail  gap. 

The  shortest  path  between  the  rail  gaps  is  along  the  edge  of  the  cutout,  as  shown  in  Fig.  El. 
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Figure  El.  Propagation  of  the  voltage  wave  from  a  rail-gap  switch  after  it  closes. 

Considering  the  hot  and  ground  bus  plates  as  a  parallel  plate  transmission  line,  we  have 

L*=^[H/m],  (El) 

w 

(E2) 

and 

V  =  -^  [m/s],  (E3) 

where  L*  is  the  inductanee  per  unit  length  of  the  current  channel  along  the  edge  of  the  cut-out, 

C*  is  the  capacitance  per  unit  length  of  the  channel,  v  is  the  velocity  of  the  voltage  wave 
propagation  along  the  channel  that  forms,  and  w  and  t  are  the  width  and  thickness  of  the  channel. 
(Note  that  these  equations  may  not  be  entirely  accurate  here  because  we  are  considering  a  narrow 
current  channel  and  boundary  conditions  may  thus  play  a  more  important  role  than  they  are 
being  given.)  Plugging  Eqns.  (El)  and  (E2)  into  Eqn.  (E3)  we  obtain 

(E4) 
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The  dielectric  constant  Sr  of  the  Mylar  between  the  plates  is  ~3.0.  Inserting  this  value  and  those 
for  po  and  So  into  the  equation,  we  find  a  propagation  velocity  of  1 .73 1x10^  m/s.  The  path  length 
around  the  cutout  is  16.15  in.  or  0.41  m,  so  the  propagation  time  is  then  2.37  ns. 

Present  Crowbar  Switch  Geometry  -  A  similar  attempt  is  now  made  to  look  at  the  wave 
propagation  between  the  crowbar  rail  gaps.  Figure  E2  shows  a  drawing  of  a  side  view  of  the 
crowbar  switch,  looking  from  the  Main  bank  toward  the  crowbar  (high  voltage  side)  and  load. 
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Figure  E2.  Propagation  of  the  collapsing  voltage  wave  between  crowbar  rail  gaps.  The 
view  is  from  the  Main  bank  looking  toward  the  switch,  and  the  angle  bracket  support  has 
been  made  transparent  so  that  the  contacts  on  the  rail  gaps  can  be  seen. 

When  one  rail  gap  closes,  the  collapsing  voltage  wave  has  a  straight  line  of  propagation  to  the 
adjacent  rail  gaps.  This  distance  is  7.875  in.  or  0.20  m.  The  assumption  is  made  that  the  width 
of  the  current  channel  is  the  same  as  the  width  of  the  rail  gap  contacts  on  their  sides  (1.125  in.  or 
0.029  m)  and  the  thickness  of  the  channel  is  the  skin  depth  in  aluminum.  The  quarter-cycle  rise 
time  of  the  current  in  the  crowbar  rail  gaps,  as  observed  from  the  crowbar  Rogowski  waveforms, 
is  ~2.69  ps;  the  skin  depth  in  aluminum  should  therefore  be  0.010  in.  or  2.62x10'"^  m.  Because  of 
the  complicated  geometry,  the  parallel  plate  formula  for  inductance  (Eqn.  [El])  is  not  used; 
rather  we  consider  the  inductance  to  be  the  sum  of  current  channel  inductance  in  the  hot  bus 
plate,  the  mirror  current  inductance  in  the  ground  bus  work,  and  the  mutual  inductance  between 
the  two.  The  inductance  of  the  current  channel  is  calculated  using  the  formula  for  a  rectangular 
bar: 


L  =  0.00508f 

2.303ZogjQ 

f  1 

-\- 1 j 

V 

+  0.5  +  0.2235 


w  +  t 

I 


[hH], 


(E5) 
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where  w  and  t  are  the  width  and  thickness  of  the  current  channel,  respectively,  and  /  is  the  length 
of  the  channel.  This  inductance  turns  out  to  be  126.5  uH  or  632.5  nH/m.  The  mirror  path  on  the 
ground  side  of  the  crowbar  switch  hardware  is  assumed  to  span  the  entire  width  of  the  ground 
hardware.  Because  of  this  width,  it  is  also  assumed  then  that  the  inductance  will  be  much  less 
than  that  of  the  channel  on  the  hot  side.  Furthermore,  because  of  the  distance  between  the  two,  it 
is  assumed  that  the  coupling  between  the  hot  side  and  ground  side  channels  is  very  low.  With 
these  assumptions  in  mind,  the  total  inductance  of  the  channel  reduces  to  the  632.5  nH/m  just 
calculated. 

To  calculate  the  capacitance  associated  with  this  current  channel,  the  2-D  finite  element  analysis 
program  Quick  Field  was  used.  A  cross-sectional  diagram  of  the  crowbar  switch  is  shown  in 
Fig.  E3;  this  drawing  was  imported  into  Quick  Field,  and  the  ground  and  high  voltage  regions 
were  then  defined  as  shown.  Analogous  to  considering  only  the  current  in  the  channel  between 
the  rail  gap  contacts  for  the  inductance  calculation  above,  only  the  current  channel  region  was 
defined  to  be  at  high  voltage  here.  After  building  the  mesh  and  running  the  electrostatic  analysis 
routine,  the  program  was  then  used  to  numerically  calculate  the  capacitance  (per  unit  length) 
associated  with  the  channel.  The  value  that  was  obtained  from  this  calculation  was  25  pF/m. 


Region  where 
the  current 
channel  is  located 
=^>  defined  to  be  at 
high  voltage 


Figure  E3.  Cross-sectional  view  of  crowbar  geometry.  Regions  set  at  ground  and  at  high 
voltage  in  the  Quick  Field  electrostatic  simulation  are  noted,  as  well. 
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Plugging  the  values  for  L*  and  C*  calculated  above  into  Eqn.  (E3)  a  wave  velocity  of  2.515x10 
m/s  is  obtained.  By  then  dividing  the  spacing  between  the  rail  gaps  (7.875  in  or  0.2  m)  by  this 
velocity,  a  propagation  time  of  only  0.795  ns  is  obtained,  which  is  a  factor  of  3  shorter  than  the 
propagation  time  between  the  closing  switch  rail  gaps. 

Old  Crowbar  Switch  Geometry  -  Interestingly,  after  a  similar  analysis  was  performed  for  the  old 
crowbar  switch  geometry,  a  propagation  velocity  and  time  between  adjacent  rail  gaps  of 
2.721x10*  m/s  and  0.735  ns,  respectively,  were  obtained.  These  values  are  very  close  to  those 
just  calculated  for  our  present  switch  geometry,  yet  we  note  that  near  the  zero  crossing  of  the 
Main  bank  voltage  (where  the  crowbar  switch  is  triggered)  each  of  the  crowbar  rail  gaps  tended 
to  operate  very  reliably.  (It  was  only  when  the  trigger  delay  time  was  moved  away  from  the  zero 
crossing  that  problems  tended  to  occur.)  It  is  possible  that  the  higher  inductance  associated  with 
the  current  flow  through  the  old  crowbar  geometry  helped  to  “slow”  the  closing  of  each  of  the 
rail  gap  switches,  thereby  ensuring  that  all  four  could  in  fact  initiate  sustainable  arc  channels  and 
begin  conducting  before  the  voltage  across  them  collapsed. 

Slot  Dimensions  -  To  increase  the  degree  of  isolation  of  the  crowbar  rail  gaps  from  each  other, 
slots  could  possibly  be  machined  into  the  hot  bus  plates.  This  will  require  the  collapsing  voltage 
wave  to  propagate  a  further  distance  in  order  to  reach  the  contacts  of  an  adjacent  rail-gap  switch 
(Fig.  E4).  In  contrast  to  the  bus  plate  cut-outs  around  the  closing  switch  rail  gaps,  the  slots  here 


Figure  E4.  Illustration  of  how  the  collapsing  voltage  wave  would  have  to  propagate 
further  to  an  adjacent  rail  gap  if  a  slot  were  inserted  into  the  bus  plates  and  angle  bracket. 
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should  probably  be  fairly  long  and  narrow  to  prevent  perturbing  the  eurrent  flow  from  the  Main 
bank  as  it  travels  past  the  erowbar  switeh  and  down  to  the  load. 

To  estimate  how  long  the  slots  should  be  we  ean  take  the  propagation  velocity  for  a  wave 
propagating  from  a  crowbar  rail  gap  (2.5 15x10^  m/s)  and  multiply  it  by  a  more  lengthy  transit 
time,  say,  the  transit  time  estimated  for  the  closing  switch  rail  gaps  (2.37  ns).  This  value  would 
appear  to  be  reasonable  since,  again,  the  closing  switch  has  shown  no  signs  of  problems  with 
triggering  all  four  rail  gaps.  Performing  this  calculation,  a  path  length  of  0.596  m  (23.47  in.)  is 
then  obtained.  From  geometry  the  slot  then  needs  to  extend  up  the  bus  plate  and  past  the  rail  gap 
contacts  by  1 1.05  in.  (0.28  m).  The  slot  also  needs  to  extend  down  the  angle  bracket  support  and 
up  the  short  transmission  line  towards  the  Main  bank.  Since  the  propagation  velocity  is  the  same 
in  the  transmission  line  as  in  the  bus  plates  on  the  front  of  the  bank  (1.731x10^  m/s),  which  is 
slower  than  in  the  crowbar  switch  region,  the  total  slot  length  need  not  be  quite  as  long  upstream 
of  the  crowbar  switch  as  it  should  be  downstream  of  it.  Nevertheless,  it  would  appear  that  in 
both  directions  rather  lengthy  slots  are  required. 

E3  INCREASING  TRIGGER  PULSE  AMPLITUDE 

In  addition  to  isolating  the  individual  crowbar  rail  gaps  in  an  attempt  to  provide  more  time  for 
the  trigger  pulse  in  each  to  initiate  sufficient  arc  channels  to  start  conduction,  we  might  also 
consider  how  to  improve  the  production  of  the  arc  channels.  Improved  triggering  combined  with 
the  slotted  bus  plates  might  lessen  the  constraints  on  the  slots;  that  is,  we  could  possibly  get  away 
with  implementing  a  set  of  shorter  slots.  Shorter  slots  would  hopefully  reduce  the  machining 
work  and  therefore  the  down  time  for  the  experiment. 

One  obvious  way  to  do  improve  the  breakdown  conditions  in  the  rail  gaps  would  be  to  increase 
the  voltage  of  the  trigger  pulse  delivered  to  the  rail  gaps.  Fitch  and  Howell  (R.A.  Fitch  and 
V.T.S.  Howell,  “Novel  principle  of  transient  high-voltage  generation”.  Proceedings  lEE,  vol. 

Ill,  no.4,  1964,  pp.  849-855.)  describe  a  relatively  simple  method  for  obtaining  high  voltage 
pulses  by  “stacking”  charged  cables.  Since  we  already  use  a  charged-cable  arrangement  for 
triggering  the  crowbar  rail  gaps,  implementing  a  scheme  such  as  the  one  they  describe  in  their 
Fig.  7  to,  say,  double  the  trigger  pulse  amplitude  would  only  require  adding  a  second  charged 
cable  to  each  rail  gap  plus  any  additional  trigger  board  components  needed  to  accommodate  the 
higher  pulsed  voltage.  The  basic  circuit  diagram  for  the  setup  is  shown  in  Fig.  E5. 
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Figure  E5.  Sketch  of  trigger  circuit  with  second  trigger  cable  added  to  double  the  trigger 
pulse  amplitude. 

E.4  SUMMARY 

Though  there  were  a  number  of  assumptions  made  in  these  analyses,  they  would  seem  to  support 
the  utility  of  inserting  slots  in  the  bus  plates  between  the  individual  erowbar  rail  gaps  to 
induetively  isolate  them.  A  longitudinal  slot  no  more  than,  say,  0.5  in.  (1.3  em)  in  width  that 
extends  1 1  in.  (0.28  m)  downstream  and  possibly  shorter  upstream  of  the  rail  gaps  should  in 
prineiple  provide  an  equivalent  isolation  to  that  whieh  is  present  for  the  Main  bank  closing 
switch.  The  slots  could  perhaps  be  made  shorter  if  we  can  also  apply  a  higher  voltage  trigger 
pulse  to  improve  the  arc  initiation  in  the  rail  gaps.  The  triggering  scheme,  as  shown  in  Fig.  E5, 
is  simple  enough  that  we  could  implement  it  fairly  quickly  to  verify  its  usefulness  before 
beginning  any  work  on  cutting  slots  in  the  bus  work. 
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APPENDIX  F.  ESTIMATES  OF  MUTUAL  COUPLING  BETWEEN 
SECTIONS  OF  THE  SLOTTED  CROWBAR  SWITCH  BUS  WORK 

El  PARALLEL  PLATE  TRANSMISSION  LINE  TO  THE  CROWBAR  SWITCH 


Figure  FI.  Layout  of  the  Quick  Field  simulation  for  the  transmission  line  feed  on  back  of 
Main  bank  going  to  the  Crowbar  switch  and  cable  header.  0.12”  of  Mylar  separate  the 
upper  plates  from  the  lower  plates.  Between  each  upper-lower  plate  pair,  there  is  the 
proposed  0.5”-wide  slot  in  the  bus  plates. 


Quick  Field  Time-Harmonic  Magnetics  Simulation: 
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•  Amplitude  of  AC  current  in  top  aluminum  plate  is  1  A,  -1  A  in  bottom  plate.  Frequency 
of  AC  current  is  94.3  kHz  (quarter  rise  time  of  2.65  ps,  same  as  for  FRX-L  Main  bank). 

•  Field  lines  at  0°  phase,  scale  =  le-9  V. 

•  Vector  plot  at  0°  phase  of  flux  density  B,  scale  =  10,000,000. 

•  Peak  current  density  shown  in  contours,  scale  as  indicated  to  the  right. 


Figure  F2.  Close-up  of  right  side  of  the  two  conducting  plates  -  current  density  contours 
are  now  shown  for  0°  phase  with  the  scaling  as  indicated  to  the  right.  Field  line  plot  and 
vector  plot  scales  are  the  same  as  above. 


- >  Vector  plots  above,  as  well  as  the  plots  of  the  field  lines,  show  that  the  magnetic  field  does 

not  appear  to  couple  to  the  adjacent  pair  plates  on  either  side,  so  0.5”-wide  slot  is  sufficient  to 
provide  inductive  isolation  between  the  rail-gap  switches. 
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E2  VERTICAL  BUS  WORK  CONNECTED  TO  THE  CROWBAR  RAIL  GAPS 


Figure  F3.  Layout  of  the  Quick  Field  simulation  for  the  bus  plate  and  angle  bracket  that 
are  bolted  to  each  side  of  the  Crowbar  switch.  7.725”  (the  width  of  the  rad-gap  switches) 
separate  the  top  angle  bracket  segments  in  the  sketch  from  the  bottom  plate  segments. 
Between  each  bracket-plate  pair,  there  is  the  proposed  0.5”-wide  slot.  (A  0.5”  wide  slot  is 
actually  already  present  in  the  angle  bracket  because  of  the  Rogowski  coils.) 


Quick  Field  Time-Harmonic  Magnetics  Simulation: 
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•  As  with  the  first  simulation,  the  amplitudes  of  the  AC  currents  in  the  top  and  bottom 
aluminum  plates  are  1  A  and  -1  A,  respectively.  Frequency  of  the  AC  current  is  94.3  kHz 
(i.e.,  it  has  a  quarter  rise  time  of  2.65  ps,  same  as  for  FRX-L  Main  bank). 

•  Field  lines  are  at  0°  phase,  scale  =  le-8  V. 

•  Vector  plot  is  at  0°  phase  of  flux  density  B,  scale  =  500,000. 

•  Peak  current  density  shown  in  contours,  scale  as  indicated  to  the  right. 


Current  Density 
jiotal  (A/m2) 

At  phase  0* 


Figure  F4.  Close-up  of  right  side  of  the  two  conducting  plates  -  current  density  contours 
are  now  shown  for  0°  phase  with  the  scaling  as  indicated  to  the  right.  Field  line  plot  and 
vector  plot  scales  are  the  same  as  above. 


- >  As  with  the  first  simulation  for  the  parallel  plate  transmission  line  leading  to  the  Crowbar 

switch,  the  field  does  not  appear  to  couple  to  adjacent  pairs  of  plates  here  either,  so  0.5”-wide 
slot  is  again  sufficient  to  provide  inductive  isolation  between  the  rail-gap  switches. 
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APPENDIX  G.  TWO-STAGE  PEN  CONCEPT  TO  INCREASE  BIAS 
CURRENT  AND  DECREASE  BIAS  PULSE  DURATION 


This  memo  describes  several  follow-up  simulations  of  the  FRX-L  Bias  bank  concept  discussed 
in  a  memo  sent  out  by  Dr.  Tom  Intrator  on  15  May  2006.  The  simulations  focus  in  particular  on 
the  voltages  that  might  be  induced  on  the  Bias  bank  when  the  Main  bank  is  triggered.  A 
comparison  between  the  new  Bias  bank  concept,  the  present  FRX-L  Bias  bank,  and  the  AFRL 
Bias  bank,  which  is  similar  in  design  to  the  present  FRX-L  Bias  bank,  is  made  at  the  end. 

A  generic  MicroCap  circuit  model  for  the  present  FRX-L  Main,  PI,  and  Bias  banks  is  shown 
below  in  Fig.  Gl.  The  crowbar  switch  parameters  in  the  model  also  reflect  those  of  the  present 
switch  configuration,  while  the  switch  closing  times  were  taken  from  the  FRX-L  shot  series  in 
which  the  Main  bank  was  triggered  after  the  PI  bank  rang  for  one  and  a  half  cycles.  Note  that 
the  net  resistances  of  each  bank  circuit  are  incorporated  into  the  switch  element  (third  parameter 
following  the  “T”). 
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Figure  Gl.  Lumped-element  circuit  model  of  the  FRX-L  experiment  that  has  been  entered 
into  MicroCap. 

Shown  in  Fig.  G2  are  several  waveforms  obtained  after  the  circuit  simulation  was  run.  Currents 
(in  MA)  are  shown  in  the  top  plot  and  voltages  (in  kV)  in  the  bottom.  We  mainly  want  to  note 
that  when  the  Main  bank  is  triggered  only  a  slight  change  in  Bias  bank  current,  I(CBias)  is 
observed  in  the  top  plot,  and  in  the  bottom  plot  little  if  any  change  in  voltage  is  observed  at  the 
Bias  bank  (V(Cbias)),  or  at  the  node  between  the  ignitron  and  the  bias  inductor  (V(2));  the 
voltage  is  “dropped”  primarily  across  the  Bias  inductor  (V(LBias)). 
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Figure  G2.  Current  and  voltage  waveforms  calculated  by  MicroCap  using  the  FRX-L 
circuit  model  shown  in  Fig.  Gl. 


Figure  G3  shows  the  same  waveforms  for  the  condition  when  the  Bias  bank  is  not  triggered.  It 
can  be  seen  that  the  node  between  the  ignitron  and  the  bias  inductor,  V(2),  jumps  up  to  20+  kV 
when  the  Main  bank  is  triggered,  and  in  the  experiment  this  usually  results  in  an  arc  between  the 
hot  and  ground  bus  plates  on  the  bias  bank. 
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Figure  G3.  Current  and  voltage  waveforms  calculated  by  MicroCap  for  case  when  the 
Bias  bank  is  not  triggered. 

Dr.  Intrator’s  Bias  bank/PFN  circuit  model  was  entered  into  MicroCap  next  (Fig.  G4)  to  verify 
that  MicroCap  was  giving  the  same  results  that  Dr.  Intrator  observed.  The  waveforms  shown  in 
Fig.  G5  verify  that  the  same  results  are  indeed  obtained. 
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Figure  G4.  MicroCap  circuit  model  of  Dr.  Intrator’s  Bias  bank/PFN  concept. 
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T 

Figure  G5.  Current  and  voltage  waveforms  calculated  by  MicroCap  using  the  circuit 
model  shown  in  Fig.  G4. 

Next,  the  Bias  bank/PFN  circuit  model  was  then  incorporated  into  the  FRX-L  circuit  shown  in 
Fig.  G1  in  place  of  the  Bias  bank  model  that  was  currently  there.  The  new  model  is  shown  in 
Fig.  G6,  and  Fig.  G7  shows  a  similar  set  waveforms,  as  were  obtained  from  the  previous  FRX-L 
model  (Fig.  G2).  The  plot  in  Fig.  G7,  however,  shows  the  voltages  for  each  stage  of  the  PFN, 
V(C_Biasl)  and  V(C_Bias2),  and  the  total  bank  current  is  represented  by  I(L2),  which  is  the 
current  through  the  inductor  L2.  We  note  that  there  is  a  greater  change  in  the  Bias  bank  current 
now  when  the  Main  bank  is  triggered  (comparing  with  Fig.  G2,  the  Bias  bank  current  is  scaled  in 
that  plot  by  a  factor  of  10  to  make  the  changes  more  apparent). 
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Figure  G6.  The  lumped-element  FRX-L  circuit  model  is  shown  again  but  with  the  Bias 
PFN  circuit  in  place  of  the  original  Bias  circuit. 


Figure  G7.  Current  and  voltage  waveforms  calculated  by  MicroCap  using  the  circuit 
model  shown  above  in  Fig.  G6. 
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Figure  G8  shows  a  plot  of  the  voltages  at  nodes  17,  13,  and  12  indicated  in  the  diagram  in  Fig. 
G6,  which  correspond  to  the  voltage  at  the  node  between  the  load  resistor  and  the  ignitron  and 
the  nodes  at  the  hot  terminals  of  the  stage  2  and  stage  1  Bias  bank  capacitors,  respectively. 
Comparing  V(2)  in  Fig.  G2  with  V(17)  in  Fig.  G8,  we  see  that  the  Main  bank  is  going  to  induce 
a  significantly  higher  voltage  across  the  bus  plates  of  the  Bias  bank  to  which  the  ignitron  is 
connected.  The  Main  bank  will  also  try  to  pulse  charge  and  reverse  polarity  on  the  second  stage 
Bias  capacitors  (V(13)  waveform  at  ~24  ps),  however  because  of  the  additional  inductor  LI  the 
first  stage  capacitors  look  like  they  will  be  relatively  unaffected.  In  the  case  of  Fig.  G8,  where 
the  Bias  bank  was  charged  to  -8  kV,  the  pulse  charge  only  has  the  affect  of  zeroing  out  the 
charge  on  the  second  stage.  If  the  Bank  is  charged  to  lower  voltages,  -1  kV  for  example,  the 
voltage  on  the  second  stage  will  reverse  (Fig.  G9),  however  the  voltage  reversal  is  not  severe. 
The  only  serious  concern  to  address  will  be  the  higher  voltages  induced  on  the  Bias  bank  bus 
work,  since  the  Main  bank  voltage  pulse  is  not  dropped  as  much  across  the  load  resistor  R_Load 
as  it  was  across  the  Bias  inductor  LBias. 


T 


Figure  G8.  Plot  of  the  voltage  at  the  node  between  the  load  resistor  and  the  ignitron  and 
the  voltages  at  the  hot  terminals  of  the  stage  2  and  stage  1  Bias  bank  capacitors.  The  initial 
charge  voltage  on  the  Bias  bank  capacitors  was  -8  kV. 
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Figure  G9.  A  similar  plot  to  that  shown  in  Fig.  G8,  except  that  the  initial  charge  voltage  on 
the  Bias  bank  capacitors  was  only  -1  kV. 


Before  moving  on  from  the  discussion  of  the  circuit  in  Fig.  G6,  a  final  simulation  was  run  in 
which  the  Bias  bank  ignitron  was  not  triggered.  As  in  the  case  of  the  present  Bias  circuit 
illustrated  by  the  waveforms  in  Fig.  G3,  Fig.  GIO  shows  that  with  no  current  flowing  through  the 
load  resistor,  R_Load,  the  full  Main  bank  voltage  that  reaches  the  Theta  coils  will  also  be  applied 
across  the  Bias  bank  bus  work.  Since  the  bus  work  will  have  to  be  improved  to  hold  off  the 
higher  voltages  shown  in  Fig.  G8  and  G9  for  normal  operation,  anyway,  any  concerns  regarding 
the  reliability  of  the  triggering  of  the  ignitron  -  and  problems  that  might  arise  if  the  ignitron  is 
not  successfully  triggered  -  should  be  automatically  addressed  when  these  other  improvements 
are  implemented. 
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Figure  GIO.  A  plot  of  the  same  node  voltages  shown  in  Figs.  G8  and  G9  for  the  case  when 
the  Bias  bank  ignitron  is  not  triggered. 

The  final  set  of  plots  below,  obtained  by  means  of  these  same  eircuit  simulations  with  MicroCap 
but  plotted  in  Excel,  provides  a  comparison  between  the  present  FRX-L  Bias  bank  and  the  new 
Bias  bank/PFN  that  Dr.  Intrator  has  proposed.  Current  waveforms  provided  by  both  banks  are 
shown  in  Fig.  Gil  on  a  long  time  scale  to  show  the  amplitude  swing  of  the  present  bank  and  in 
Fig.  G12  on  a  shorter  time  scale  to  show  the  features  of  the  currents  from  each  PFN  stage,  as 
well  as  from  the  total  PFN/bank.  The  structure  that  appears  on  the  PFN  current  waveforms  is, 
again,  primarily  due  to  the  discharge  of  the  Main  bank,  though  some  structure  is  caused  by  the 
discharge  of  the  PI  bank.  (Figure  G7  also  shows  this  behavior  in  the  current  waveform,  though 
because  of  the  scale  it  is  not  as  visible.)  The  only  concern  here  might  be  the  current  rating  of  the 
capacitors,  that  they  could  sustain  the  short  but  high-current  discharge  approaching  350  kA. 

Figure  G13  shows  the  corresponding  waveforms  for  the  voltages  across  the  capacitors  for  the 
present  bank  and  the  proposed  PFN  design.  As  can  be  seen,  the  initial  charge  voltage  was  -8  kV, 
and  the  voltage  reversal  on  the  capacitors  is  considerably  less  for  the  PFN  design  than  for  the 
present  bank  design.  For  a  -1  kV  charge  (Fig.  G14),  even  though  the  Main  bank  drives  the 
voltage  reversal  on  the  Bias  capacitors  here,  the  total  reversal  is  still  only  on  the  order  of  1  kV. 


G-8 


—  Present  FRX-L  Bias 

—  New  Bias  Stg  1 

—  New  Bias  Stg  2 
New  Bias  Total 


Time  (us) 


Figure  Gll.  Overlay  of  the  current  waveforms  calculated  by  MicroCap  using  the  circuit 
diagrams  shown  in  Figs.  G1  and  G6. 
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Figure  G12.  Expanded  view  of  the  time  period  between  0  and  100  ps  from  Fig.  Gll. 
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Figure  G13.  Overlay  of  the  voltage  waveforms  calculated  by  MicroCap  using  the  circuit 
diagrams  shown  in  Figs.  G1  and  G6.  The  initial  charge  voltage  on  the  Bias  bank  capacitors 
was  -8  kV. 


Figure  G14.  A  second  overlay  of  Bias  bank  voltage  waveforms  for  the  case  when  the  initial 
charge  voltage  on  the  Bias  bank  capacitors  was  -1  kV. 
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A  final  current  plot  is  shown  in  Fig.  G15  for  comparison  purposes.  The  Theta  coil  current  is 
shown  here  for  the  two  FRX-L  Bias  banks  and  the  planned  AFRL  Bias  bank.  (The  PI  and  Main 
banks  were  not  included  in  these  simulations.)  The  AFRL  Bias  bank  plan  differs  from  the 
present  FRX-L  Bias  bank  in  that  a  load/damping  resistor  has  been  incorporated  to  limit  the 
Coulomb  transfer  through  the  ignitron  switch.  The  capacitance  is  also  25%  higher  (2.55  mF), 
thus  the  waveform  has  a  slightly  longer  period,  a  similar  amplitude,  and  a  lower  voltage  reversal. 
For  initial  pulsed  power  tests  we  will  be  using  this  bank  design,  since  hardware  fabrication  is 
almost  complete.  When  FRC  formation  tests  begin,  the  bank  can  be  converted  to  the  PFN  design 
concept  at  that  time,  should  it  prove  to  be  necessary. 
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Figure  G15.  Overlay  of  the  current  waveforms  calculated  by  MicroCap  for  the  two  FRX-L 
Bias  bank  configurations  and  the  FTX  (AFRL)  Bias  bank. 


SUMMARY 

The  additional  analyses  presented  here  show  no  obviously  significant  problems  with 
implementing  the  Bias  PFN  concept.  Careful  attention  must  be  paid  to  the  bus  hardware  on  the 
new  bank,  as  the  voltage  impressed  upon  it  will  be  somewhat  higher  than  for  the  present  bank. 
Though  these  voltages  exceed  10  kV,  the  voltage  rating  of  the  Bias  capacitors,  due  to  their  larger 
capacity  the  actual  voltage  that  the  capacitors  end  up  being  charged  to  (the  voltage  reversal  on 
the  Bias  capacitors)  does  not  appear  to  exceed  1 .5  kV  (less  for  higher  initial  negative  charge 
voltages  on  the  Bias  bank).  The  current  rating  of  the  capacitors  should  also  be  checked,  as  it 
appears  that  a  high  surge  current,  at  least  in  the  second  stage  of  the  PFN,  is  generated  when  the 
Main  bank  is  discharged.  Key  hardware  components  that  would  be  needed,  in  addition  to  a  more 
robust  set  of  bank  bus  work,  are  the  inductors.  L2,  in  particular,  would  have  to  handle  the  full 
bank  current,  as  well  as  hold  off  some  fairly  significant  voltages. 
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APPENDIX  H.  INITIAL  ANALYSIS  OF  PFN  CONCEPT  FOR  DRIVING 
THE  FRC  GUIDE/MIRROR  FIELD  COILS 


This  memo  describes  a  set  of  follow-up  simulations  of  the  PFN  circuit  discussed  in  Dr.  Tom 
Intrator’s  memo  (sent  on  15  May  2006)  as  a  possible  scheme  for  driving  the  translation  magnets. 
The  circuit  diagram  shown  in  the  memo  is  reproduced  in  Fig.  HI,  except  that  six  PFN  stages,  as 
was  discussed  in  the  text  of  the  memo,  are  shown  instead  of  four.  With  the  field  coils  set  up  to 
be  the  stage  inductances  and  with  each  coil  having  an  inductance  of  50  pH,  this  circuit  is 
essentially  set  up  to  drive  12  coils.  A  load  resistance  of  0.3 16  Q  is  shown  at  the  “end”  of  the 
circuit  to  provide  a  matched  load,  and  the  ignitron  resistance  of  0.015  Q  is  incorporated  into  the 
switch  model. 

For  an  initial  charge  voltage  of  10  kV  on  each  of  the  capacitors,  MicroCap  calculates  the  voltage 
and  current  waveforms  shown  in  Fig.  H2  for  the  load  and  each  of  the  field  coils.  Immediately 
we  note  that  the  shape  of  the  current  waveform  is  different  for  each  coil.  The  pulse  width 
becomes  shorter  for  coils  positioned  further  from  the  load  in  the  circuit,  suggesting  that  the 
magnetic  field  in  these  coils  will  not  be  able  to  fully  penetrate  the  liner  and  fill  the  liner  region. 
Furthermore,  the  current  in  coil  1  falls  short  of  the  peak  value  (15  ~  17  kA)  obtained  in  the  other 
coils. 


Figure  HI.  Circuit  model  of  a  PFN  configured  to  drive  the  FRX-L  translation  (Guide  and 
Mirror)  magnets. 
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Figure  H2.  Current  and  voltage  waveforms  calculated  by  MicroCap  for  the  circuit  shown 
in  Fig.  HI. 


Figure  H3  shows  another  PFN  circuit  very  similar  to  that  in  Fig.  HI,  however  the  field  coils  are 
now  placed  “outside”  of  the  PFN,  adjacent  to  the  load  resistor.  This  circuit  now  mirrors  one 
discussed  in  an  earlier  memo  (provided  in  Appendix  G  of  this  report)  that  is  being  considered  for 
generating  a  higher-amplitude  and  faster  Bias  field.  With  all  12  coils  in  parallel,  the 
I(LMAGNETS)  curve  in  Fig.  G4  shows  that  each  coil  receives  the  same  current  over  the  same 
time  period,  so  that  the  diffusion  into  and  filling  of  the  liner  region  should  be  uniform 
everywhere.  However,  with  all  of  the  coils  in  parallel,  each  coil  now  receives  only  1/12*  of  the 
PFN  current  (=1.25  kA). 
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Figure  H3.  An  alternative  PFN  circuit  concept  in  which  the  translation  (Guide  and 
Mirror)  magnets  are  now  placed  in  parallel  close  to  the  load. 
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Figure  H4.  Current  and  voltage  waveforms  calculated  by  MicroCap  for  the  circuit  shown 
in  Fig.  H3. 

The  current  can  be  increased  by  reducing  the  stage  inductance  and  by  adding  additional  stages 
(Figs.  H5  and  H7),  however  the  current  pulse  width  tends  to  decrease  dramatically  (Fig.  H6  and 
H8)  when  this  is  done.  Implementing  different  parallel  and  series  combinations  of  coils  may  still 
allow  us  to  arrive  at  an  acceptable  solution,  but  changing  the  arrangement  of  the  coils  changes 
the  net  coil  inductance  (PFN  load  impedance),  which  in  turn  further  changes  the  response  of  the 
PFN.  (We  note  that  if  the  total  field  coil  inductance  is  allowed  to  become  too  large  compared  to 
the  stage  inductances,  the  PFN  begins  to  act  like  a  “regular”  capacitor  bank  again.) 


Figure  H5.  A  PFN  circuit  similar  to  that  in  Fig.  H3  but  with  a  decreased  stage  inductance. 
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Figure  H6.  Current  and  voltage  waveforms  calculated  by  MicroCap  for  the  circuit  shown 
in  Fig.  H5. 
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Figure  H7.  A  PFN  circuit  similar  to  those  shown  in  Figs.  H3  and  H5  but  with  the  stage 
inductance  decreased  still  further. 
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Figure  H8.  Current  and  voltage  waveforms  calculated  by  MicroCap  for  the  circuit  shown 
in  Fig.  H7. 

At  this  point,  before  pursuing  a  possible  PFN  design  further,  it  seems  prudent  to  narrow  down 
the  parameters  for  the  field  coil  design.  The  field  coils  proposed  earlier  by  Lenny  Dorf  of  LANL 
(Fig.  H9)  have  a  larger  bore  than  that  of  the  present  Cusp  coils,  which  we  were  assumed  to  be 
using  in  the  circuit  models  above.  If  we  plan  on  keeping  the  acrylic  vacuum  vessel  around  the 
liner,  so  that  the  return  conductor  can  be  slotted,  field  coils  having  an  even  larger  bore  will  be 
required.  The  coils  shown  around  the  liner  in  Fig.  H9  have  a  bore  diameter  of  9.5  inches,  a  total 
of  8  layers  of  windings  with4  turns  per  layer,  and  a  conductor  with  a  square  cross  section  (0.5in. 
by  0.5  in.).  Using  the  figures  and  equations  for  the  inductance  of  multi-layer  coils  found  on 
pages  60  and  61  in  Terman’s  Radio  Engineers  Handbook,  an  inductance  of  346  pH  is  calculated 
for  this  coil.  An  even  larger  (wider)  coil  is  shown  for  the  mirror  at  the  end  of  the  liner,  though 
possibly  two  of  these  coils,  spaced  closely  together,  could  be  used  for  the  mirror.  Nevertheless, 
given  the  large  inductances  of  these  coils,  a  PFN  concept  may  not  work  for  driving  them  (based 
upon  the  comment  made  earlier  that  when  the  field  coil  inductance  is  allowed  to  become  very 
large  compared  to  the  PFN  stage  inductances,  the  PFN  begins  to  act  like  a  “regular”  capacitor 
bank  again). 
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Figure  H9.  Conceptual  field  coil  designs  and  arrangement  along  the  translation  region  and 
solid  liner  that  will  allow  enable  FRC  translation  from  the  Theta  coil  region  into  the  liner. 


SUMMARY 

Because  of  the  long  magnetic  field  diffusion  and  filling  time  required  in  the  liner  region,  a  PFN 
may  not  work  as  well  for  generating  the  Guide/Mirror  field  as  for  generating  the  Bias  field  in  the 
Theta  coil  region.  Furthermore,  because  the  current  pulse  shape  and  amplitude  varies  for  each 
stage  inductor  in  the  PFN,  there  does  not  appear  to  be  a  straightforward  way  of  simply  letting  the 
Guide  and  Mirror  field  coils  act  as  the  stage  inductances.  Before  further  analysis  continues  with 
the  PFN  concept,  it  seems  prudent  to  finalize  the  design  parameters  required  for  the  field  coils  so 
that  it  is  possible  to  better  determine  the  viability  of  using  a  PFN  to  drive  these  coils. 
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